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ABSTRACT

Thik renort is an UNCLASSIFIED edition of USL Report No. 255 (CONFIDENTIAL). dated

21 March 1955. The Project AMOS worl, which was carried out through the period I january
1953 - 31 December 1954 is summarized. This is a final report of the AMOS deep- water acoustic

measurements, which began in June 1949. Duting the period covered by this repor.ý, ýhe
Underwater Sound Laboratory Carried out a number of studies and analyses of AMOS data-, these

are included herein as Studies A through D and H throuAh J.

The major study is an analysis of sound transmission at frequencif.s betweea 2 and 25 kc
based ou all the AMOS data and on other data available in the literature. Propagation-loss

prediction chauts based on this kialysis are presented as a function of.certain envirxomental
parameters. An error study of the propagation analysis is presented next. Studl3s of AMOS

low-frequency noisemaker data analysis, ray tracing in the ocean, and bottom reflection in
deep water are also presented, and a summary of Cruise TWELVE, which was compLited early

in this period, is included.

ADMINLQTRATIVE INFORMATION

To permit a general distribution of the results of Project AMOS the current edition of USL
Report No. 255(CONFiDENTL-. "')hat berandeclas'ufied wli the deletionof Studies E through G
(pp. 40-64) from the original document.

REVIEWED AND APPROVED: 9 My 1967

F. H. Hunt
Associate Tochnicai Director for Administration
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RIPORT ON THE STATUS OF PROJECT AMOS
(Acousti, Meteorological, and Oceanogrmptik Survey)

(I Januury 1953 - 31 December 1954)

INTRODUCTION

Project AMOS (Acoustic, Meteorological, and c. The formulation of a set of deaign charts

)cctuiogrophic Survey) was ostntlishCed in order to which will make possible intelligent design of

permit the collection of acoustic lirnpagntion data sonar equipment to meet specified operational re-
an• the simultaneous ohesrtvation ofmeteorological quirements.

arid ,iceumographic factorx of significance to sonar The participants in the AMOS program were the

perfomnnace in thne vital sen lanes of the Atlantic U. S. Navy Ilydrographic Office and the U. S. Navy
Occon during all seasons of the year. The informs- Underwater Sound Laboratory. Jointly they were

tion obtained was dcsigned to cover both current responsible for acquiring simultaneous acoustic

atodplanned echo-ranging and listening frequencies. and environmental data. The Underwater Sound

The major objectives of Project AMOS have Laboratory was responsible for the design, instal-

been achieved in one form or another. It is planned lation, and operation of acoustic equipment, while
to make continued rose of the Project AMOS prop- tire Ilydrograplnic Office carried out the design, In-

agation-loss data and environmental statistics for stallation, and operation of oceanographic and me-

operational studies as indicated. The AMOS objec- teorological equipment. These agencies were also
tires are the following: jointly responsible for the development of methods

and techniques for field utilization and for presen-

a. Theprepnration of a set ofprediction charts ration of the acoustic-oceanographic data to the

for operational planning purposes. Such charts rep- Forces Afloat. This responsibility involved the

resent the sonar situation on a probability basis preparation and publication of material which pro-

for each area of interest and for each month of the vides procedures for converting equipment charac-

year. Various setsof charts corresponding to equip- teristics and local environmental conditions into

went categories, such as surface-ship-mounted operationally and tactically usable terms.

echo-ranging sonar, variable-depth echo-ranging In addition to acquiring acoustic data, the Lab-
sonar, or submarine-installed low-frequency-pas- oratory undertook the analysis and correlation of

sive sonar, may be prepared. From these charts, it simultaneously observed acoustic and environmen-

will be possible to determine not only the proba- tal data for operational purposes. The Hydro-

bility of achieving a particular detection range on graphic Office was responsible for the acquisition
a submarine by echo-ranging or listening but also and analysis of extensive environmental data for

the probable range of detection of a convoy by an operational purposes and for the publication of
enemy submarine. operational sonar charts. It also was responsible

b. The compilation of a set of detailedpredic- for the preliminary planning of AMOS cruises.

tioti chaits for tactical emiployment, based upon handled such matters as itineraries, project coor-

the propagation loss and figure of merit torpartic- dination, time and space allotments, personnel as-

ulae sonar equipments in relation to the prevailing signments, proposed shipyard installation of ac-

oceanographic condhitions. These charts will be entific equipment, and the preparation of technical

used for day-to-day operations, for convoy screen instructions, and initiated "working-level" con-

spacing, and for similar applications. ferences with the agencies and vessels Involved.

SUMMARY OF ACCOAMPLISHMENTS OF PROJECT AMOS

This report is a final report ofnhe AMOS acous- Underwvter Sound Laboratory is now undertaking

tic-cmmvironmental ccrnelations in deep water. The an extensive program of shallow-water propagatioa

V -



measurements. 1 A summary ofthe accomplishments duced to IB1M cards and tabulated.' Copies of the
of Project AMOS at the Underwater Sound Labor&- tabulations have been furnished to the loods HWle

tory is now included. Oceanographic Institution, the Navy Hydroglaphic

Since the inception of the AMOS program, a Office, and the Agricultural and Mechanical Col-

sizable amount of acoustic propagation data has lese of Texas. There are 131,600 pairs of cards Is

been accumulated for the North Atlantic Ocean for the North Atlantic File and 14,550 pairs of cards

a wide range of acoustic frequencies and environ- in the Mediterranean File. This act of environ-

mental conditions. The map in Fig. I shows the mental data cards has proved to be quite important

ten joint oceanographic and acoustic stations for in a number of applications. The cards have been

which propagation-loss data have been obtained separated into various geographical areas and tat-

up through Cruise TWELVE. The AMOS cruises in tistical compilations of important factors have been

which the Laboratory participated awe listed below: made. The Ilydrographic Office has agreed to keep
this basic file up to date and recently shipped

AMOS Cruises 48,000 cards to the Labo.atory.
Acoustic propagation and associated environ.

AMOS Acoustic mental data obtained from AMOS cruises are Irt-Cruise Cruise Date setatons

Number Occupied ventorled below.

TWO June 1949 6

THREE July*September 1949 29 AMOS Acoustic Coeds AMOS BT Cold Fils

FOUR October-Detcmber 1949 17 (Cold Layout ForM'. Fit. 7. (Curd Lsyout Fopus, Fit, 5,

FIVE Febtuarr-Mor 1950 23 USL Report No. 147) USL Report No. 147)

SEVEN Novembec-iecember 1950 7 cruise No. of Cards Cruise No. of Cload
EIGHT PebouaeY-April 1951 30 2

NINE Junes-September 1951 20 2 7 20 , 2 0
TEN Janunry-April 1952 s 3 23. 25, 29 k

ELEVEN June-September 1932 20 3 3,000 3 3

TWELVE Fberusty-Aptil 1953 20 7 500 a. 16. 23 kc 7 50

192 a 1.o0001 a 400

9 133,030 9 400

10 16,0000 10 450
The propagation-loss data obtained on these 2.2.8,16,25 he

cruises were punched on IBM cards as indicated I I 22.5000 12 1 350

below. Finally a set of 26,672 IBM cards was pre-
pared for all AMOS cruises with four-frequency Total 68.050 2,730

(2.2, B, 16, and 25 kc) propagation-loss data at
standard projector depths, receiver depths, and
ranges. Copies of most of these cards have been Hydroserphic Office AMOS Cruise OcesnoaraPhlc Station File

furnished to the Naval Research Laboratory and (Data foe all cruises have been received it listing form.)

the University of Michigan. Available transmission (Curd Layout Forms, FaSo. 14-15, USL Report No. 147)

data cover a frequency range of from 70 cps to 25 Cruise No. of Cords

kc, and vertical reverberation measurements cover I I 5100

the range from 2.2 to 34 kc. A list of propagation- 260
run station positions is givenin Tables IA and 1B 3 2700

for both high-frequency and low-frequency runs. 4 2400

All North Atlantic and Mediterranean BT ob- 2250

servations in the Wood. Hole Oceanographic lnsti-

tation Fire through November 1951 have been re-
2 The IBM cards used foe this purpose ate shows In

I The present status of the shallow-water measure- Fig. I of USL Report No. 147, Report o theb Status q/
meats prograum is covered is USL Report No. 260, Quear. Project AMOS (20 April. J I December 1951). by 1H. T.
torly Report. I Jely - 30 September 1954 (CONFIDEN- Marsh, Jr., eand m. Schulkis, 19 February 1952 (CONFI-
TIAL). DENTIAL).
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- OI'I FCT A40OS PROPAGATION 11111 STATIONS IN DEEP4 VATRO

AA.at~ 1410th PNpdwogv2., .16 2 (1.29 i

Cii. Station (Eltan) Latitude LonAluleud De... lia ..n

1 1I mVI 49 34-N70*34-W 1340 15- 1
2 19 VI 49 13817'N 69021., 390 13:2
3 to VI 49 360 53'N 66 0 7rw 2130 3)-3
4 22 VI 09 36*53NH 6Z 00VY 2500 S2.3
1 72 VI 49 34053-N 55*55*w 260 32.6
7 26 VI 49 43*1?N 60"000W S90 52.9

j 1 6 VII 49 90 a SY 5956-W am0 55-2
6 17 VII 49 10351 4*38W 2960 54-9
9 IN1 VIm 49 3Q0*331 48*5Ww 2620 35-5
32 20 VII 49 30*1I.r3N 43037.5., 173 54-6

is 21 VII 49 )1007'N 37042-W 11150 *., 15-6
is 22 VII 49 31324'N 32004.B,w 2400 14.9
23 23 VII 49 31*37. 3N 2?.*)0.2,v 2521 S5-li
24 21 VII 49 3317?.5N 20"49.0'V 2600 54-12
27 26 VII 49 12

0 11.4'N 15*26.0ow 2)40 5$-14

32 23 Vmi 49 34'2C2?4 7*35, 1, 710t 54-16
36 31 VII 49 360('%0'N 9*0 Ill 2170 54-19
39 1 Vill 49 38023.14 10*23. rw 265" 53-39
42 S Vill 49 40'49.5'Nf 13049.3', 2600 14.22
41 10 VINI 49 44136.3-H 16*135w 2490 55.21
41 11 Vill 49 4644-M 129-44V 2250 W423

s0 32 Vill 49 47*4914 10" 161w 395 54-26
54 39 Vill 49 31*0 IPN 14073 33.I 310 54-
17 20 Vill 49 si*06.6Nm 20*21W 5040 5430
60 21 Vmil 49 5)?04.631 26"I6.@rW 190 W432

63 22 Vill 49 53?5214 31354- 1440 55-29
6623 Vill 49 50*43.2N 31*13*V 1600 54-34

69 25 Vill 49 47*19.5VN . 30*26.5'W 3630s -.

72 26 Vill 49 43*4315N 909-W 2600 54-37
75 29 Vill 49 39*10*N 27*453 645 35-35

76 2 IX 49 37 0 1L6'N 32*04.9-W 130 14-40
$1 311x 49 360315914 3.051 w 1. 75 55.44
64 5 IX 49 36*40145N 44*0.0 II 2500 54-45
67 6 IX 49 34043.6'A 5392&6*V 23"0 511-411
90 7 IX 49 35*06.814 50*035'3W 2480 5446

1 15111 50 34043.8-H 70'oo.6y - 56.2

2 163a3 s 50o a63. Io 6000.01W - -

3 271 II SOo- 16"3LON l6o.w 2350
4 231 ". 50 116.0-N 62150.0-W 1400 5-
5 2611 50 110~*N1O 59*19.6*W 1010 518-10
6 I i1l 50 16' 19.1,N 5e2@.2*W 2950 58-31
7 3 IU1 s0 21

016.2*N 5t*54 low 2770 59-20

0 5 111 10 26*20D'N 5706.1'V 3000 S& 14

9 dilfl 503 W 3gD4311 54e262'9 2965 59-23

30 si ID 50W15.5-N 5505crit 2850 56-17

I41 10 II1 50 41' 16.S'34 5506.5 26 150 59-25

12 36 inI 50 41*53. IN 50043.9VW 2000 58-21

33 17 III 50 30*53,5N" 4426.0'W 2775 W926

(Comtluaaed)
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,_ _Table I (C'nt~d)

Acise doustic Datean)- Latitude Longhude (tr Dph11aw

14 191 1i 50 302S.0'11N 37015.21 1560 59-30
15 20 III 50 350 13G6N )3546.36, i590 5951.

16 23 III 30 a 22.0'N 290511.01. 1700 59"2
17 is lit so 42°31.5'N 22°45.2-W 2000 59-54

is S0 III 10 46041.0'N 1to30.01W 2400 59-54
19 3 II! 10 49 050.0'N 15°00.2'W 2490 99-97
20 2P s? 10 19032.2'N 22051.0W 2180 59-60
21 30 IV 50 24°52.'VN 28°19. S11 3000 56-35
22 4 'I 50 30*0052H 55010.0,W 2210 59-"s

23 6 v 50 $9056. 2'N 42°59.3'W 1660 59-65
24 6 V 0 30 049.6'0 520&.3'W 2650 5947
35 30 V 50 31057.91N 6005'.01, 2620 58-40

7 2 23 XI 50 29 011.0'N 70 0 20.nfl 2160 -

3 2a XI 50 19032.0'N 670553.01 2000 a;,
5 2 XI 50 14°14.6'N 72,14.7-W 1000 63-4

6 29 Xl 50 13051.1'N 7502.,.1 2100 635-
7 1 Xll 50 17011.6'N 81*12.91. 710 63-7
* 3 XII 50 23035.4'N 03053.6'W 1200 63.9

1 4 If 51 31a23.9'N 6705.1 i, 2750 65-1

2 6 d 51 300 24.5'N 61 6.01 2"00 65-3
3 6 U 51 3050s. viN 53015.5'1W 3020 63-4
4 9 II 51 30°23.0'N 491 9.0'V 2500 63-5
7 1533 51 30°25.0'N 30 44.01w 2300 64-9
I 163l 51 31°55.0'N 22°59.0-V 2650 65-11
9 20 I3 51 32"49.0'14 18035.0,1 1680 64-11

10 2131 51 33357.0'N 13°19.01 2400 64-12

Ii 2233 51 35027.0'N 7033.0-, 750 64-15
12 4 Ill 51 36°00.0'N 10°12O'E 250 65-17

6s 3ll 51 35°251.0'N 220 39.0'E 2040 64-16
14 9 11 51 36°52.0'N Igo 2.0E 1970 64-19
3 11 In s1 39903.0'N 14031.0'E 1850 65-21

16 12 Il 51 41038.0'N 10023.011 600 64-21
17 22 311 ,51 37*4L0'N O0°00.0'E 1300 65-26
Is 27 U1 51 N943.0'N 11019.01. 2240 64"26
19 29 u1 51 44°39.0'N 7*56.0'W 2620 64-2?
20 11 IV 51 46°54.4'N 9°52,0'1W 500 65-31
21 12 IV 51 46025.0'N 12°10.0' 2250 65-32
22 13 IV 51 43°00.0N 16040.0'W 2350 64-33
23 19 IV 51 3234.0'N 30055.0'1 2250 64-36
24 21 IV 51 32!37.0'N 36'47.0'f 1740 6"437
25 25 IV 51 32°50.0'N 53"39.0'W 2550 65-41
26 27 IV 51 W46.01 5?06.0'W 2640 "4-41

1 2 VIU 51 41°20.0'N 59016.0g, 2600 66-2
3 4 VII 51 4442.O'N 47°23.0' 2000 67-4

4 6 VU 51 49°49.5'N 43°15.0w 2250 67-4

5 a Vin 51 540 2.0'N 384 01. 1480 66-0

6 9 VII 51 54°51.0'N 345S.0'1W 1000 674-

7 12 VII 51 50*19.0'N 33a13.0V'W 950 67.9

6 14 Vii 51 62°20.0'N 27°37.0'1W 00 67-10
9 20 VII 51 59°39.01N 2246.&0V 1300 66-13

10 22 VII 51 54 .L.0'N 210 0.0W1 1500 66-15
U 24 VII 51 45°22.3'N 19024.2'9 2300 67-15

12 26 Vii 51 40°15.0'1 1is52.0'W 3000 67-16
13 2 VIII 33 38°35.4'N 16024.1.'V 2950 67.01

14 ) Vin 51 41°47.6'N 15059.8',1 2675 66-21

15 4 VIII 51 440 1.3'N i5s46.611 3000 67-19

16 6 VIII 51 46025.6'N 15°18,'1 2400 66-22

17 7 VIII 51 50011.7'N 1 14°37.7' 2300 66-23

(Continued)
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I able (I ovhk(tm Arome.,le lpl,,r a 1111d,' ~ ni.l wIi~ll Depth HeYdrosflphlel

Slation N .. , .. ) .. (I) s1el•n Ne.

9 Il VIII 1 Is¶2 1.N I1 V'43. •S 1100 66-24

20 5 Ix 11 4S°11.R'N 290. .71W 176b . 67-25

10 I 1) 11 52 47"42.0'N 430 1*.0- 2100 66-I

2 2 if 52 54 9.0'N 34"4.0I'W 11150 64-2

3 4 II ¶2 W'
0
110.Om 29" 3.0-W 1260 66-4

4 5 it 51 60'43.0-N 25u00.9)*W 1100 6-6

5 4 VI 52 56024.0'N 10°42
0 -W 130 $-71

6 SVII 52 94°58.0"N 12'2
0

.O' 1600 69-9

SII VII 52 57°00.O'N 12' 27. 0W 110 66-10-3

021 11 52 613*°21.0N SO03e'w 6350 d0314

9 27 I1 52 05, 1.ON 2036.')'W 1660 60-16
10 20 1! 12 61°45.0-H 0* 17. 5i'W 1300 69-17

12 7 11i 52 do0 7.0-N 5'57.0'W 610 do-Is

13 16 1I1 52 44'57.0-N 1309.0W 1700 60-43

15 24 1II 52 39°15.0'N 14040.0,6 2520 69-25

16 ,6 1i1 52 40"21.0,N 2",18.0'1 2270 69-27

17 1 VIII 52 4124.0-N 19.00W 2600 60-70

Is I IV 52 .41059.0-N 4 744.0VW 2010 69-20

21 14 VI I2 42'.13.0'N 511' 7.0-W 1450 -7

2 16 VI 57 492 8.0IN 4. 0
0
37.0I 1200 70-1

3 I VI 52 56' 5MIN 461240.0-W 1920 71-2

4 20 VI 52 340°4.2.14 311.0'W 1330 70-4

5 22 vI 52 627 9.0.N 22°20.0W 870 70-6
6 23 VI 12 62'16.0-N 15'25.0-W 1200 70"7

7 24 VI 52 61016.0o1N 510°9.IVw 630 71-7

S8 Vil 52 66°22.0HN 30 23.0"E 840 71-11

9 11VI 52 70' 3.0"N 15°45.0'B 1300 70-348

10 14 Vi1 532 73°39.0N 8°59.0'F 250 70-30

11 16 YI1 52 70'27.0-N 0' 2. O' 1610 70-39

12 1 VII 52 7i°32.O'N 0053-0'E 960 71-42

13 20 VII 52 73°47.0'N 10° 9.0.9 1700 70-44

14 21 VII 52 72°i9.0-N 3'31-.0W 1330 71-45

15" 23 VIIl 52 68°35.0'N 46 1.OE 1810 71-46

16 29 ViI 52 66012.O'N 3°33.0'E 820 71-47

17 a Vill 53 24024. N, 1913.0'W 1960 71-73

18 2Sl ViII 53 25*36.0"t 11*435.0'W 1550 71-82
21 3I4 Vill " We55.v.MN 41,4'1.0-V 2350 71-68

12 2 Is• II 53 42'38.0,N 60*35.0,1 1840 72-2

4 1lolI 53 35053.4'N '62044. 2'W 2750 7"-

1 19 II 53 3414.142'N 6° 6.7-W 2730 72-3
46 3 111 5), 27°0 7.5'N 57°i0.0'W 5,510 73-9

.7 3 111 53 26°00.0'N 58*54.1I'I 3360 72-6

S57 II1 53 22740.8-N S7°12.9'W 3320 73-10

9 7 1II 53 19"21.0N 58757.0'1W 2620 72-0
10 9 111 53 17' 6.2'N 58049.4-9 2975 73"14

it• I0,I1l 5•, 14047. 1IN 5•9'30.0-V 16ef0 72-12

12 181III 53 12'24.0,N 60°.322'1 1350 72-14

139 11i 53 14031.8,N 60°18.596 1370 73-19

14 20111 53 16o41.0,19 60°42.0.1 3000 72-17
15 22 Ili 13 10020.0'N 62° 9.0*9 2640 72-18

W6 3 IV 53 2 °505.5'N 67°030'0111 2940 73-26

17 4 IV 53 24'32. AIN 69019.0O'I 3050 72-,21

is 5 IV 53 26"25. iN 69°051.1'1 29757, 7

19 - 6 IV 13 25'14.0-N 7 1'38.7'W 3000 72-22

203 7 IV 5) 27ý 6.111H 72°15.9'1 2760 73$-20

21 15 IV 53 29"41. 1I'N 75' 14.1'w 2565 73"30

2 2 1 6 I V 1 3 J 1 4 .I N7 6 ° 7 . ' W 1S 0 0 i 7 -3 1

5i aotP,
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Dime* Lotlewde Laxaltdod Uwe"* Reuge eIth

____T__ (1174 ON~) (ft)

0 VII 52 7500016 loO0hE sime 0.5-70 70 51400
I VinI 52 "*00- 100,w Siten 0.5.70 70W30

1411 5l 4PIS16 403?rw mhk4v 0.5-3 43 -8.500
Io n 11 ~gr 7-H 622s6W $keg 0.5-40 so -g 0

291l 5) 33 39'11 63 23'W Wk 4T 0.3-60 s0 -1300

210 1 3 30*186 640Pow Nk 4v 7
9,. 49 "050

23 11 53) 32?221 6* 9tW Nowe - so -3500
4 ID1 53 21OW5N 530561 No*@ - 7 303 500
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101in 53 O~WN 5034-W Home INS4 -1500

111El115 13 I47" s 0351 Shorn 0.5.14 To -8500

21 in 53 1604911 60 a43,W Most . so 53500 O

2911 SS 5 19*31-6 lo w Nk4v 6.09.50 "1 S0oo0

sol In 53 IS*31PH low2 Nh 4v 4.0-7#. 70 -1 500

313 in 53 10*3 I' 60 low Mlc4v 2.0.53 3 53500I
I IV 53 21*1 IN 6702@W Rk 4v 0.5-54 54 Sol 900

4 IV 53 24'324H 69024'W No"e - s0 508 500

I5IV 53 30034-N 490524 Mk4v 0.536a s0o 0

6 IV 53 21*30'N 71 39'1 Mk 4v 0.5.76 76 50$

9IV $3 29593161 TI26W1 Nkdv 0.5-5 6 0

13EIV 53 2027011 7615'W Nk4v >WOO6 8090

16EIV 53 2e36&N 75*24W Nh 4T 0.3410 so -gO

20 IV 53 Imp 4*94 73*54*W Mk 4v 0.5-74 74 0-

20 IV $3 36 4111 72*501W Mh4v 0."3 6s 50; -

21l IV 3 11636'N 72 55,w Mk 4v 0.5-90 90 501 -

22EIV 53 39 OWN 72950#W Mk 4v 0.*.75 75 SN

Samlows I mclod am 11 VD 2 and I Val 52 were occupied on Crolso BILH IMH. All alber
sgaomito occupied on Cruiss TWaL VS.
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I.,,it titti, 11! tet- •avrtime iicotustlc and envi- in preparing these charts it was necessary to

lA ,,t ii t1 t.(cris of the UIniversity of California estatlish a QilIla figure-of-merit ameasuremenat

0i v.;.-fni tit Wair ilts.arch have been transcribed on program, which extended well into the year 1952.1

10M cot•l.. 1ite shkillow-wnttet propagation surveys As a result, the figures of merit of 27 destrcyer-

made hi l i. icrs island Sound by the Columbia Uni- type ships of the Fleet were obtained under vat-

vei.ity) Division of War Research and the East ous environmental and ship operatiAg conditions.

Coist and Gulf of Mexico shallow-water propaga- Approximately 200 sonarmen participated in these

tioai :ieIvryS tarried out by WIlIOl have been tran, operations. In addition to the data reqtuired for the

sced to plnched-card form. An inventory of these strategic operationail charts, many other important

trtp.-•t(ofioal tnd environmental data in the Labora- results were obtained from this figure-of-merit pro-

tory's 1tiM punched-eard file is presented below: gram. Significant personnel factors were uncovered,

the importance of a clean sonar dome was empha.

U•IWR Acoustic Data sized, and the importance of a more rapid audio-

(t,'id Layout Forms. Fill. 9-12. IUSL Report No. 147) beam search titan that prescribed by QllJa doc-

No, ol Curds trine was established.

I.ow Fiecrqenicy: Acoustic 1861 An analysis was also made of the propagation

0.2. 0.6. I.A. 7.5. ond 22.5 kc Enviroomentn' 436 data with respect to variable-depth sonar applies-

111fiii etji. encyi Acoustic 41t2 titons.6 Project AMOS data were applied to the

10, 1,4. 21) 40. 56, stcll 60 kc ntoproblem of detetmining the optimum depth for vari-

but pEimnrily 24 kc able depth sonar and the gains to be expected for

7950 a system operating at this depth.
Another study carried out in the year 1952 coo-

Fishers Island Sound and Block Island Sound Shallow-Water Date cc wed the expected operational performance of echo-

(Columbia University Division of Vat Research) ranging sonars at 5 kc and 10 kc.7 In this work,

Number aimed at efficient system design, Project AMOS

Envitonmental Cards 30 propagation-loss data at acoustic frequencies of

Acoustic Data Cards 100 12, 8, 16, 21, 25, and 29 kc were analyzed as a

'uaictcion of range and operational submarine-depth

intervals for various DT AMOS code classes. A

Woods i•ole Oceanographic institution study was also made of the expected propagation-

Shallow-Tater Acoustic Dota loss anomaly, at various ranges, arising from bot-

Number tom-reflection acoustic paths in deep water. These

Dathythermograpb catds 863 propagation data were applied to monthly environ-

Environmental Card$ 300 mental statistics for the North Atlantic Ocean area

Azoustic Cards 500 between 30' N and 400 N in order to obtain the ex-

pected median range for four equipment figures of

During the year 1951, a set of QIlIa perform- merit (140, 150. i60, and 170 db) for 5-kc and 10.

gace charts was prepared. Included in this set kc, htdl-mounte,!, erho-ranging sonar systems. In

were monthly tables and charts of expected sweep the present report, a modified version of this study

width for QIl13a-cquipped surface vessels for four has been prepared for systems st 8 and 14 kc.

operational submarine-depth intervals. Such stra-

tegic charts may be used in comparing convoy S This program is described by M. Schulkin, F. S.

routes from the point of view of sonar pirotection White, Jr., and R. A. Spoon in Q1Ifa Figre-.o/.Meril

and also for submarine operations. 3 This informa- Tests. USL Report No. 187. 3 April 1953 (CONFIDEN-

tion was transmitted to the tlydrogcapbic Office TIAL).

for publication and dissemination.
4  6 See Appendix A of Report on the S•lus oal trojecl

AMOS (1 January - 3) December 1952). by if. W. Marsh,
Jr., aid M. Schulkin, USL Rvport No. 188, 3 April 1953

3Sample charts may be found in ?JSL Report No. (CONFIDENTIAL).

147 (CONFIDENTIAL). 7See USL Report No. 188 (CONFIDENUAL). Ap•"

A Se e US,. lettrc to the ilydrographic office, "Status pendix Di.

of F'ruirct AMOS," oer. 1110-036, 1 November 1951 ISee Study F.

(CONFIDENTI 
AL).
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Bottoin-reflection paths at these frequencies have periodically in place of the noisemaker levels.
been found to t e less important than reported ear- Level-versus-range plots have been made for the
tier. card data by means of the automatic plotting me-

Also in connection with this program a study chine. Range values were obtained from range-
concerned with the temperature dependence of at- versus-travel time curves drawn from the bomb-drop
tenuation was prepared.9 The study of project data. Sound-velocity-versus-depthplots were com-

AMOSpropagation measurements made in isothermal pleted for all dtep Nansen cast data of Cruise
water shows that the temperature of the water has TWELVE, and some ray computations were made
an important effect upon the propagation loss, the therefrom. 2

loss being greater in colder water. From the level-versus-range plots, levels have

In addition, propagation loss in isothermal lay- been read and tabulated for 0.25-kyd increments
eta depends slightly, but consistently, upon pro- from 1 to 2 kyd, 0.5-kyd increments from 2.0 to 5.0
lector and receiver depths. Data which showed the kyd, 1-kyd increments from 5 to 10 kyd, 2.5-kyd
distribution ofpropagation loss at frequencies from increments from 10 to 20 kyd, and 5-kyd increments
,2 to 25 kc, at raunges from I to 33 kyi, at projector from 20 kyd to the conclusion of the run. In the
and receiver depths from 20 to 500 ft, and at water focus region, readings are tabulated at 0.25-kyd
temperatures from 35' F. to 700 F. were presented. range increments.
The probable error under prescribed conditions was Source levels for the two sources have been
3 db. The temperature effect is In good agreement determined by assuming spherical spreading to 1000
with a model exhibiting a single relaxation proc- yd for each station and extrapolating the value at
ass.1t Also, a wave theoretical treatment of the 1000 yd back to I yd. An average value for each
propagation problem shows that certain features of frequency band was then computed from the exi
the observed depth dependence are explicable. crapolared values.

Analyses of low-frequency noisemaker runs Plots of measured level plus computed spread-
made on certain of the AMOS cruises were also ing and absorption loss have been made against
carried out." The purpose of these runs was to the grazing angle at the ocean bottom for frequen-
determine attenuation values for propagation oflow- cies of 1, 2, atid 8 kc for those stations for which
frequency (100 to 10,000 cps) sound under various a reasonable estimate of the ranges at which bot-
oceanographic conditions. Topics of interest in- tom reflection paths predominate could be made.
clude propagation in surface channels, channeling -An analysis of AMOS transmission data in the
of sound betwr,.,, the ocean surface and bottom, 2- to 25-kc frequency region, including propagation
distances between focus points at various latitudes, by way of the bottom, has been completed."1 3 It is
and modification or design of equipment for better believed that, for the most part, propagation at
production and reception of low-frequency sound these frequencies in deep water is fairly well
in the ocean. understood in terms of environmental factors. In

The broad-band magnetic-tape records of low- another report, 14 contours of transmission loss
frequency noisemakers are being processed with have been plotted for ten frequencies and three

automatic equipment. The end product is a set of projector depths, for a standard temperature
IBM punched cards, at approximately 250-yard in- (500 F.) and a standard layer depth (100 it). Cor-
tervals, which contain the measured level in ten reclion charts have beenplottedfor each frequency
frequency bands from approximately 200 cps to for the correction required because of changes in
10,000 cps; the actual frequencies depend on the layer depth, temperature, and sea state. Values for

source used. These runs can extend out to about the absorption coefficient as a function of fre-
80 kyd, and background noise levels are entered quency and temperature are also included. These

data have been used and will continue to be used
in the future, in the frequency range covered, for9 See USLI Report No. 188 (CONFIDENTIAL), Ap-

peadis C.
12 For the ray methods used, see Studies H and] of

1o A fonnuls for the temperature effect on sbaorpition this report.
including relaxation and viscous terms is presentcd in
Study A of this report. 13 See Study A.

It See Studies I and J of this report. 14 See Stady a.
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Fig. 2.- Transmission Loss vs. Range fair Standard Fig. 3 - Transmission Less vs. Frequency for Standard

variable-depth sonar, andpassive. submarine sonar. at all frequencies over a range of propagation corn.

It Is important to have a standard reference of ditlons. 1

transtuission loss related to rainge and frequency. As a result of its experieice, the Laboratory
Figures 2 and 3, cipplying to specific environ- has been assigned tie problem of preparing a sonar

mentl cnditonswhic ar typcalof toseo- reange prediction manual. to replace the existing;
curring natur .ally, are recommended for this pur- manual, Sonar Prediction with she Bath yshermo-

Tose. -MSpgaaio eut er sdt raph (NAVSHIPS 900, 121, 1 October 1947, CON-
cnTrc lAMOra proangeticurvesut fore huslmonedt FII)ENTIAL). The Laboratory also plans to use

consruc latralrang cuves or ull-ouned, Its propagation information in the analysis of op-
ecbo-tiangin$ sonars at various frequencies and eainlsluaiearysnrcnatrprs

figures o f anerit for submarines at periscope depth Al suchreportsub eceivedara tona da nteae beenokty.

and at the best depth for avoiding detections Alunchred ort rcedceived liteda iting have been ky

The curves apply to specific layer depths and aw- distributed to ComSubPac, ComSubLant, SubDev-
face temperaturesa. Such curves were used by CAPT GruTWO, and Bureau of Ships.
S. D. B3. Merrill to space the ships of bio screen ________

in AsDevEx-1. A subsequent study of AsDevEx-I 1 e td .Ti c~ andlvrda ae

mid other alvailable data'showed that predicted and at'the Ninth Navy Symuposium on Underwater Acoustics,
17 June 1954, at the Novel Research Labomatory, Wash-

Is See study E. Instomt, D. C.

PROPAGATION ANALYSIS AND SONAR RANGE PREDICTIONS

'Fil nine Studies appended to this report te- large quantities of propagaation-losis data on ex.

present %ork done on Project AMOS during the tensive cruises to all parts of the North Atlatuuic

Iyetus 15153-54 in the fields of propagation analysis in all seasons in order to extend out knowledge of

and:Aonttagopredictions.P roject AMOS c4llc~ted propagation, both with respect to acoustic fre-



quency mid dcpth olendpoint positions oldie prop- raphy anid season covered by the MIOS cruises.

agation path. As each cruise was completed, the While other observed effects could be Included

data were exzamined and analyzed in the light of readily, it was found that these occurred In an ci-!

previous cruise results, existing knowledge, and treme way only in certain localities. It was felt

contemporary research by other working groups. I? that to introduce other parameters In order to take

The final analysis, as given in Study A, was these into account would unduly complicate the
considered to be consistent with infornmation then analysis und would not improve the prediction ca.

available, The propagation-loss data obtained from pabilities for most of the localities and seasoas.
AMOS cruises at discrete frequencies of 2.2, B, 16, In particular, the magnitude of the thermocline
and 25 kc were analyzed and interpreted according gradient was an important variable of this type.

to a definite model. Equations of propagation loss The propagation data for all thermocline gradients

were obtained for the model and fitted with semi- were grouped in one class. In addition, the prop-

empirical coefficients. agation data for all temperature gradients more

The steps used to arrive at this model con- positive than -0.30 F./100 ft were considered in
sisted of (1) finding the important acoustic-occa- the mixed-layer class. It is recognized that these

nographic variables, (2) studying acoustic patterns assumptions must be modified for workin particular

in situations when one of these variables domi- localities.
nated, and (3) making the simplest assumptions re- The important oceanographic-acoustic varia-
garding the acoustic interrelation of these varia- bles for the frequencies under study were found to

Hes and adding complications only when the be isothermal layer depth, temperature, and sea

exigency of incorporating a large body of data into state. The temperature effect was best studied in
the model so required. the situation where a constant temperature pro-

The model was constructed from several modes veiled to very great depths. Under such conditions,
of propagation, each of which became important it was found that the acoustic field was generally

under certain conditions of the wide range of geog- constant with depth at a fixed range out to ranges

of the order of 24 kyd, the limiting range of the ex.
17 Some of the reports and articles consulted during perimental measurements. in such circumstances,

the propagation analysis were: "Transmission," Parti, the attenuation constants were computed andplotted
Physics oI Sound in the Sea, Summary Technical Re- against temperature for the four frequencies. These
port of Division 6, NDRC, vol. 8, 1946 (UNCLASSI- data were then considered with respect to existing
FIED); Principles and Applications o/ Underwater
Sound. Summary Technical Report of Division 6, NDRC, data of the same kind and to other laboratory meas-

vol. 7, 1946 (RESTRICTED); Sonar Data Di-*ision, urements. The parameters of a theoretical expres-

UCDWr., "The Influence of Thermal Conditions on the sion involving the sum of a viscous contribution
Transmission of 24I-kc Sound," UCDWR U307, 16 March and a relaxation phenomenon contribution were
1945 (CONFIDENTIAL); R. J. Urick, "Sound Transmis-
slon Measurements at 8 and 16 kc in Caribbean Waters, then determined. Formula (7) of Study A represents

Spring 1949," NRL Report 3556, 11 November 1949 the resulting expression. Figures 10 and 11 of Study

(CONFIDENTIAL); R. J. Urick, "Sound Transmission B and Fig. 3 of Study A are graphs based on this
Measurements in the Long-Island-Bermuda Region," formula. It should be noted that the final value of
NRL Report 3630, 6 Septembe; 1950 (CONFIDENTIAL); the relaxation coefficient is less than the value
R. J. Urick, "Sound Transmission to Long Ranges in 0.76 presented in an earlier work.
the Ocean," NRL Report 5729, 6 September 1950 (CON-
FIDENTIAL); H. R. Baker, A. G. Pleper, and C. V. The next variable studied was Isothermal layer

Searfoss, "Measurements of Sound Transmission Loss depth. In shallower layers than those considered
at Low Frequencies 1.5 to 5 kc," NRL Report 4225, in the previous paragraph, there is a residual atten-
23 September 1953 (CONFIDENTIAL); W. C. Meecham, uation loss which depends on layer depth, range,
W. II. Kelly, J. R. Frederick, "An Investigation of the
Sound Transmission Loss in and below an Isothermal frequency, receiver and projector depth, and sea
Layer," Technical Report Project M936, 7 July 1953, state. It was quite o.vious from the data that, at a

Engineering Research Institute University of Michigan fixed range and projector and receiver depth, the

(CONFIDENTIAL); and J. R. Frederick, J. C. Johnson, residual attenuation increased the higher the sea
W. H. Kelly, "An Analysis of Underwater Sound Trans- state, the higher the frequency, and the shallower
mission. Data," Interim Technical Report, Project
M936, April 1954 (No. 1936- VT), Engineering Research the layer depth.
Institute. University of Michigan (CONFIDENTIAL). Is See Appendix C, USL Report No. 188.
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'I lhvs, some kind of scattering phenomenon width. The formulas provide a propagation lose for
Whi:1, ,hlentded directly on sell state, and inversely any projector~recelver depth pair.
oil vitaihc, since a greater loss was observed for Shen both ends of the propagation path are not
shallower layers, seemed to be operative. This in theisothermal layer, energy may penetrate below
could le explained most easily on the basis of a the layer by way of surface scattering, diffractive
surlat'ce scattering phenomenon. A possible mech- leakage from the surface channel, or diffractive
anismi for volume scattering could be visualized leakage from the direct beam. The first,two cases
wlhcreby sea state somehow introduced volume are taken care of by the depth-loss factor for each
scatterhng elements so that shallower layers had of the propagation zones of the previous mode.

inore intense scattering centers. Assuming that the Vihe case of diffractive leakage from the direct
mechanism is one of surface scattering, the loss beam must be treated individually when the mode
crti be related to the degree of contact that the of propagation involving downward refraction pre-
acoustic energy has with the sea surface as well vails. Downward refraction occurs in the presence
as to the size and frequency of the surface irreg, of a negative velocity gradient directly below the
ularitics. For an omnidirectional source, the frac- surface when no layer is present or In the thermo-
tio, of rays which are refracted upwards to meet cline below an isothermal layer. Thus, when one
the surface depends on. the layer depth. The range end of the path is in the surface channel and one
of the limiting ray is a measure of this fraction. end is beneath the surface channel, this mode
This range between successive surface contacts applies to the portion of the energy which is split
of the limiting ray turns out to be the L1/2 in at the limiting ray and is refracted downwards.
kiloyardn if L is expressed id feet. Thus, Vi is a The formulas for propagation loss for this mnode
suitable scaling factor for range if the degree of have been basedon a theoretical expression derived
contact of energy with the surface is a satisfactory previously. 19 The term in the brackets of Formula
measure of the energy loss from a surface channel. (2) of Study A has been fitted with empirical coef

Dy further scaling the projector and receiver depths ficients for an average velocity gradient. The equa*
to layer depth, it would seem possible to normalize tion for the limiting ray under these conditions is1
the data for all layer depths at any single fre-
quency. This was done in the analysis leading to R 1/5 V - L7 + 1/5 L
Study A and proved to be a reliable way of trans-
lating a large amount of data into a single prop-
agation class. Since the acoustic intensity may be dominated.

either by leakage from the surface channel or
Three propagation zones were recognized in diffracted energy frorr the downward refracted

connection with propagation in the presence of beam, computations must be made for both of these
isothermal layers. The near zone is defined by modes when both ends jf the propagation path ace
a limiting ray leaving a source and returning to not in the layer. The mnode producing the lesser
time surface aftcr touching the bottom of the sur- propagation loss is the one that prevails.
face channel. In this zone energy travels between -An important mode of propagation for variable-
points by a direct path and spreads spherically. In depth sonar applications occurs when a depressed
the far zone, energyis propagated down the channel or internal sound channel is present and both ends
after two or more contacts with the surface, and of the propagation path are in the channel. The
the decay of the acoustic field can be represented axis of the channel isthe depthof a sound velocity
by a scattering loss coefficient added to the tern- minimum. This condition usually occurs when the
perature absorption term at a fixed frequency. temperature gradient levels off below a steep
Cylindrical spreading holds in this region. The thermocline and the preasure effect ot% sound ve-
intermediate zone is a zone of transition between locity with increasing depth takes over. The
the near zrne with spherical spreading and the SOFAR channel is such a case in point. it has

far zone with cylindrical spreading and surface

scutteting !oss. A semiemnpirical depth-loss factor 19 see It. w. Marsh, Jr., Theory of the Aonoalous
was obtained for each zone, depending on the ratio Propagation of Acoustic Waves in the Ocean. USL Re-

of the .caled range in any zone to the scaled zone port No. 11, 12 May 1950 (UNCLASSIFIED), p. 35.
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been found from (ie AMIOS data Chat for shallow, gradient into account, but this is hardly worth the
depressed channels the width of these chrnnels is additional complications.
approximately equal to the depth of the channel

axis. This model has been used to obtain an ex- Study F compares the performance of var.ous

pression for the propagation loss, which is the echo-ranging sonars from the point of view of
same as lint for the neaw zone of the surface chan. equipment figure of merit and range performance.

nel. It should be noted that this expression holds In this paper, it is shown that the prediction weth.

on the average. od gives results which compare favorably with 6per-
ational range performance data. Studies E, F, and

Finally, there are situations where energy is G present three operational applications of Prolect

propagated between two points by way of the bot- AMIOS resulhsto surface vessel, etho-ranging sonar

tom. Data from several sources were combined to performancepredictionproblems& 0 innthese studies
yield a set of curves of bottom loss versus bottom- the expected performance of echo-ranging sonars
grazing angle for frequencies from 125 cps to 32 under various environmental and operational con-

kc. In using these curves, one calculates the ditions is discussed.
spreading and absorption loss over the ray path

for specular reflection on the bottom and inserts Study 11 contains a very useful and interesting
the appropriate bottom loss. For echo-ranging put- approach tD the problem of ray tracing and field

poses, the one-way propagation loss computation intensity computations. In Studies I and J these
must be doubled. Study D of this report presents a methods are applied especially to the energy prop-
discussion of the data used in arriving at the bot- agated through the deep ocean by way of the SOFAR
tom-loss curves, channel to focusing regions. A more detailed appli-

cation of this theory is -made to the data obtained

An error analysis of the semiempirical formulas in connection with the Project AMOS low-frequency
for computing propagation loss is given in Study C. broad-band noisemaker runs. It is shown that the

it is shown there, on the basis of a sampling pro- quantitative features of the data can be explained
cedure, that the prediction method is reliable over by the theory.

the range of frequencies and ranges considered.
Some reduction in probable error could be achieved 20 The concepts of "probability of detection" eand
perhaps for the downward refraction mode of prop- "lateral range curves" are discussed In detail In USL

agation by taking the magnitude of the velocity Report No. 147.

SUMMARY REPORT OF AMOS CRUISE TWELVE 21

The Oceanographic Survey Unit for Cruise 30), CAPT 0. D. Day (Commander Oceanographic

TWELVE consisted of the USS SAN PABLO (AGS- Survey Unit); and the USS REHOBOTH (AGS-50),
CAPT R. R. Snyder.

21 The summary reportof AMOS Cruise TWELVE was AMOS Cruise TWELVE was planned primarily
prepared by LT E. C. Iselin, Jr., llydrographic Survey from the standpoint of obtaining the maximum
Officer at the:Underwater Sound Laboratory. The opera- amount of acoustic data supported by the necar-
tios order for this cruise appears In letter from the fly- sary oceanographic mad seismic operations. The
drogropher to ComiSubLaat, "Technical Instructions fordroS apher To , EoubLat; foTechdinal osetniet. s for8 3 following measurements were proposed by the Lab-
AMOS Cruise TWELVE; forwarding of," set. 09483, 31
Deceamber 1952 (CONFIDENTIAL). The rmeasurements oratory.

to be taken on this cruise were proposed in USL letter
to the Hydrographer, "AMOS Cruise 12; schedule of," a. 27 Acoustic Event I
see. 1170-056, 14 November 1952 (CONFIDENTIAL). b. 27 Acoustic Event 8A

1ow
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v, 27 Acoulstic Event 3 The total cruise time was 88 days. O this time 64

of. A7 Acoustic E'vent 6 were spent at see.

e. S !ecial Acoustic Events The following L.aboratory per sonnel participated

f. 2 Acoustic Event 8C in AmOS Crulse TWELVE:

The following Itinerary was set for this cruls'L. USS SAN PAOLO USS KREOBOI

195. A.irveI-Deimtue Place
LT E. C. Ielin. jt. ENS M. 8. Nlehola

36 January Depanuec Norfolk, Vs. EN5 A. 0. Ilallech Mr. W. H. Theep

30 January Arrivl New London. Conn. Mr. 11. F. eInler kr. L. C. Maples

7 February Departure New Lodoman Coat. Mr. Ir. G. Weigle

23 February Arilval tertwud. Me. 0. P. Dlckave

27 February Departuhe Beruauda Mt. S, F. Niedawechl

13 Mmech Atrlval Trinidad. DV.WI.

17 March Departme Ttioldad, 1•,.1.|

26 Match Arrival San Juan P. Ro

30 match Departure Sao Juem, u. R. ENS Nichols transferred from REHOBOTH to SAN
10 April Arrlval Nassau PABLO in Trinidad. M. H. Johnson, of WHOI,
13 April Departure Nassau weS embarked in REHOPA)TH during the Norfolk-
23 April Arrival Philadelpiku. Pa. -to-New London and Bermuda-to-TrInIdnd legs.

EVENT Is FOUR-FREQUEN4CY TRANSMISSIO4-LOSS MEASUREMENTS

Twenty-two Event I stations were made on ducers were stationed at 20, 50, 100, 250, and 500
AMOS- Cruise TWLVE. Since the mnulti-elemea Lfeet with one transmitting run for each receiving

depth. Standard ranges for Event I were 3000,5000,
line hydrophone was not available, an alternate 0 16,000, d 24.000 yads. When bachythermo-

operating procedure was developed. Briefly stated, graph conditions were such that no transmissionS
pulses were transmitted while the transducers were were to be expected at 24,000.yards, an addilonal

raised from 500 feet to 20 feet. Receiving trans- range of 5000 yards was taken.

EVENTS 4 AND St VERTICAL REVERBERATION MEASUREMENTS 02 KC) AND DEEP
SCATTERING LAYER MEASUREMENTS

No Event 4 and Event 5 data were obtained. tathometer transducer was danaged. A replacement

As a result of heavy pounding of the SAN PABLO was installed in Bermuda, but high-quality recep.

during the first and second leg, the AN/UQN-1 tion was not obtainable.

EVENT 6I VERTICAL TRANSMISSION AND SCATTERING LAYER MEASUREMNITS
(8 16., AN 4 UKC)

No Event 6 data were obtained because of fath- failure, but later they were found to be caused by

omener transducer difficulties on the RIEIIOBOTH. broken crystal leads.

At first these difficulties were attributed to crystal

13

mw "a



EVENTS 8A AND lBi LOW-FREQUENCY PROPAGATION MEASUREMENTS

A total of 25 Event 8 type measurements were CIIARI.IE: This everst wa.% executed by the seis-
made. Subdivided by types they were: mic personnel and will be reported by them. How-

ever, cursory analysis of the data shows no evi-
Flv-nt RA Event BIN dence supporting the existence of Echo Bank.

11 with Mlk 4 4 with bombe only D)OG: This event started at 222204Z March. One
3 partial tuns with ML 4 hundred and two bombs were fired. The Mk 4 oper-
7 tuns with bombs only ated one hour on, one hour off. No Mk 4 casualties

were experienced. Phase I ended at 240 10ZMPsrch.

No complete siren rvns were made, Repeated me- Phase II started at 301707Z March. The two runs
chanical casualty to the siren and pump overheat- (0700 and 3040) were run in accordance with the
ing problems precluded its effcctive use on AMOS planned schedule. Sixty bombs were dropped on

Cruise TWELVE. One short run using the Mk 6 each run. On the ,00-mile run on bearing 007,
was made to obtain the "signature" of the device 260 bombs were fired. The event ended at 010043Z

as a sound source. April.

The schedule included the six special events EASY; Special Event EASY started vt 081304Z
described below. Detailed reports of these events, April. Forty-three bombs were fired. The Mk 4 was

complete with track charts and logs, are being ptre- operated according to schedule. Phase I ended at
pared for distribution. 091219Z April and Phase 11 started at 132212ZApril. Seventy-eight bombs were fired. The Mk 4
ABLE (Site 1): A combination of unsuitable weath- operated without failure. The event ended at
er and lack of coordination between the aircraft 142345Z. Upon completion of this event the-signa-
and Office o! Naval Research resulted in failure tute run of the Mk 6 wits made.
to this event. ABLE: (Site 2): To utilize time more economically
BAKER: Special Event BAKER started at 201244Z it was decided to abandon the site of the first
February, 120 miles northwest of Bermuda. During Event 8C. it was planned to conduct Special Event
the course of the circular run and the final radial ABLE and Event 6C at Site 2. Event ABLE was
run into Bermuda, 360 bombs were fired. Except almost completed whenheavy weatheicaused aban-
for time out of commission, the Mk 4 was operated donment of the site.
intermittendy according to schedule. The final The following major material casualties and
bomb of Phase I was fired ot 230538Z February. deficiencies were noted:
The depth of detonation of the SOFAR shots is a. In order to keep the Mk 4 operative, con-
doubtful. The detonators used vwere observed to tinuing maintenance wasrequired. Four diaphragms
give erratic results and caused detonation to vary were used.
from premature to none at all. Phase 11 startcd at b. The Mk 6 can not be towed at speeds over
282015Z February. A total of 147 bombs were fired. 5 knots, it was not used except for the one signa.
The event ended at 02060Z March. ture run.

14



EVENTS MA AND SBi LOW-FREQUENCY PROPAGATION MEASUREMENTS

A total of 25 Event 8 type measurements were CIIARI.IE: This event was executed by the seis-
made. Subdivided hy types they were: sic personnel and will be ceported by them. How-

ever, cursory analysis of the data shows no evi-
E'.vent RA Event an dence supporting the existence of Echo Bank.

It with Mk 4 4 with bombs only DOG: This event itarted at 222204Z March. One
3 iautial runs with ML I hundred and two bombs were fired. The Mk 4 oper-
7 tuns, with bombs only ated one hour on, one hour off. No Mk 4 casualties

were experienced. Phase I endedat 24Gl 00ZMstrch.

No complete siren runs were made. Repeated me- Phase 11 started at 301707Z March. The two runs-
chanical casualty to the siren and pump overheat- (0700 and 304*) were run in accordance with the
ing problems precluded its effective use on AMOS planned schedule. Sixty bombs were dropped on

Cruise TWELVE. One short run using the Mk 6 each run. On the 400-mile run on bearing 007?,

was made t obtain the "signature" of the device 260 bombs were fired. The event ended at 010043Z

as a sound source. April.

The schedule included the six special events EASY: Special Event EASY started at 081304Z
described below. Detailed reports of these events, April. Forty-three bombs were fired. The Mk 4 was

complete with track charts and logs, are being pre- operated according o schedule. Phase I ended at

pared for distribution. 091219Z April and Phase II started at 132212Z
April. Seventy-eight bombs were fired. The Mk 4

ABLE (Site 1): A combination of unsuitable weath- operated widtout failur., 'The event ended, at
et and lack of coordination between the aircraft 142345Z. Upon completion of this event the-signa..
and Office of Naval Research resulted in failure ture run of the Mk 6 was made.
to this event. ABLE: (Site 2): To utilize time more economically
BAKER: Special Event BAKER started at 201244Z it was decided to abandon the site of the first
February, 120 mileq northwest of Bermuda. During Event BC. It was planned to conduct Special Event
the course of the circular run and the final radial ABLE and Event 8C at Site 2. Event ABLE was
run into Bermuda, 360 bombs were fired. Except almost completed when heavy weathercaused aban-
for time out of commission, the Mk 4 was operated donmerant of the site.
intermittently according to schedule. The final The following major material casualties and
bomb of Phase I was fired ao 230538Z February. deficiencies were noted:

The depth of detonation of the SOFAR shots is a. in order to keep the WI. 4 operative, con-
doubtful. The detonators used were observed to tinuing maintenance was required. Four diaphragms
give erratic results and caused detonation to vary were used.
from premature to none at all. Phase 11 started at b. The Mk 6 can not be towed at speeds over
282015Z February. A total of 1.47 bombs were fired. 5 knots. It was not used except for the one sign.-
The even;ended at 020630Z March. .ure fan.
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STUDY A

SOUND TRANSMISSION AT FREQUENCIES BETWEEN.
2 AND 25 KILOCYCLES PER SECOND'

by

H. W. Marsh and M. Schulkini

INTRODUCTION memorandum. A comprehensive disCussion of these
results, including comparlsoa with other exsating

An vzaaysis of AMOS transmission data lb the data, and recommendations for anpplications will
2- to 2,14c frcquency region bas been completed. be givent In a forthcoming Laboratory report.
The results of this analysis are presented In this

METHOD OF ANALYSIS
This report, which was issued as USL Technical Adfnt.!dlfteoenasatasitn

Memorandum No. 1110-110-54, 2? Augsat 1934(UNCLAS- eiiemdlo h ca satasitn
SIFIED), In a revision of USL Technical Memorandum. medium has been used hi carrying out this analy-
No. 1110-8-41, 14 jaauary 1954 (UNCLASSIFIED) ala. Reference to Fig. I will show that there are

T -*--0

DýIRECT ':RADIATON" ', \ SINGLE SURFACE 'MJTIESUAC

SCATTERIG NO/

iZR! ~LAAE By DIFFRACTION

I~ SCATTERINGOIk "N*
'k d,,
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several modes of propagation which determine Depth of Axis of Depressed Sound
transmission cunditio's under any given set of Chanel (ft) 0
circumstances. sometimes the different modes are Depth of Ocean Bottom (f1) a

of compnhlarable importance and must be combined in
order to estimate the net sound field. At other

times the sound field Is dominated by a single Range (kyd) R

mode of transmission. Depth of Source (ft) Z'

in the present analysis an effort has been made Depth of Receiver (ft) Z

to study the various modes separately. This can Acoustic Frequency (kc) I
be done to a gre7-t degree by a proper selection of Relaxation Frequency (kc) Ir
data according to the different oceanographic fac-- Transmission Loss (db)
tors and according to the geometry and acoustic
frequency associated with the data. Those factors Spreading Loss (db) 10 logR,
which have been determined to be of Importance 20 log R (FIg. 2)

are: Absorption Coefficient (db/kyd) a (Fig. 3)

a. Dcputlh o( isothermal (surface) layer Scattering Coefficient (db/kyd) de (Fig. 4)

b. Sea state (wind force) First Depth-Loss Factor G (Fig. 5)

c. Depth of axis of depressed soand channel Second Depth-Loss Factor H (Fig.6)

d. Deptha of ocean bottom Bottom Loss (db) No (FIX.7)
e. Water temperature

f. Range Scaled Variables
g. Depth of source
h. Depth of receiver r - R IbC.

I. Acoustic frequency
By scaling and by certain laws of combination, it X. - •Z'of•
is possible to reduce substantially the number of
parameters required to characterize any particular Z V Z•I/VT.

mode. Thus, it is possible to prepare a limited sit 1 [2 -z-sol;x 1,zo 1;

of charts or tables which, together with a small 4 [2-

amount of computation, can be used to determine
transmission loss under any prescribed condition 4 -

lying within the framework of the analysis. V +

rt S , X9 1

TIHE BASIC MODES OF TRANSMISSION

Transmission via modes associated with the

surface isothermal layer and various orders of our.
face scattering (including negative surface gradi- 3 - ....

ent) may be scaled to layer depth and described in- - -

terms of a few simple formulas, which are listed 820 
- - -

after the definitions below. Source and receiver .I

depths may be used interchangeably In applying " - -- -

these formulas. However, the conditions applylng E - ....

to the formulas are stated only for Z0 5 Z.
The following definitions and symbols will be - - .-

used:

Basic Variables .5 . 0 50 0oo
RANGE W YD

Surface IL•thlamcrin Layer Depth (It) L

Sea State S Mig. 2 - Spreading Loss (db)

16
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The propet..son-loss formulas for the various N 10 log R + (a + d,) R + 0C(X. X,)
modes of propagation are the following: )

Direct Radiation Zone (Zone I), 0 < r _; r, + 10 log [ 41 0r + 'A)] + 60. (4)

When hoth ends of the transmission path lie The shadow zone beyond the Ilmitiag may is
within or at the bottom of the surface layer, the delineated by
folloi6ing formtln applies:

o o> 1, x > 1. r, + %<5r.
Nw - 20 log R + aR + G (z-zx) -. +60. (1)

For Zone I I I use Formuln(4a or Formula(,2) which-

At all other times use the smaller of the two ever yields the smaller propagation loss.
transmission losses computed by Formula (1) and
the following:

Transmission Via Depressed

N, - 20 log R + aR Sound Channel

+[25- I - z -- L + 5R) For this mode, the depths of the source and

the receiver are referred to the axis of the chan-
4 60. (2) nel as the origin, and the chamnel half-width,

equivalent to the layer depth of a surface isother-
The quantity within the parentheses, multiplying mal layer, is taken to be one-half the depth of the
the frequency term, is taken as zero when It is not axis. Thus.
positive.

Zone of First-Order Surface Reflection Nw - 20 log R + aR
and Shadow Zone (Zone II)

Two pmpagition modes occur in Zone I1: h + F 0 (! 60. (2)

Energy has been reflected at least once at the 
D

surface. The area covered is x. _< 1, r, < r < r, +!/3.
Then, Transmission Via Bottom Reflection

N, - 20 log R +aR + 2(r-rj)1t(z,zs)

+ (I - 20r - rl) G (x - xo + 60. (3) Transmission takes place by one bottom re-
flection:

The shadow zone beyond the limiting ray is
delineated by Nm, -20 log R ÷ aR + N8 +60, (6)

zo > 1, x > 1, rt <r<r< rI +. where R is the slant range from the source to the

bottom to the receiver for specular reflection and
For Zone 11 use Formula(3) or Formula(Z), which- ND is the bottom loss for the grazing angle at the
ever yields the smaller propagation loss, point of reflection and is given in Fig. 7.

Zone of Second- or Higher.Order ANALYSIS OF DISPERSIONS
Surface Roflection (Zone III)

Energy h1as been reflected at least twice at the The probable errors of the propagation loss
surface. It covers the area ze < 1, rt + 5 <r. Tien, estimated by this method are given below:

18



Prohalde FIrro of Proaegatlon-Loma Predlctlons (AMOS) (Idb) torn, associated with the bottom reflectios data

Fterpmenry (kc) 2.2 a 16 25 (Fig. 7) are given in Fig. S.

mo~de ot rrenneainslon j
(Fornulka 2 and ý) 6.$ 5 6., 9

Mode of Transmisaion 6 --
(Frrmulaa 1, 3, and 4) 4 3 4.3 5

Reciprocal Dilfference 3.5 215 L5 .0 - -- - -

These errors result partly from the Inadequacies 4 - --

of the method, from hbsic fluctuations which can
not be predicted, and from errors pf measurement. W 3 --

In order to estimate the flucturtions, a study has 0

been made of the sound fields measured under 2

identical conditions but with the source and the o

receiver Interchanged. The difference between the .* JVI
two measurements is referred to as a reciprocal "I - -

difference. Except for that mode of transmission
associated with Formulas (2) and (5), the error of . 1 50
estimation is approximately 1-1/2 db greater than FREOUENCY IN KC

the mean reciprocal difference. The probable er- Fig. 8 - Probable Error In Bottom Lose vs. Frequency

ASSOCIATED COMPUTATIONAL FACTORS FOR PROPAGATION LOSS

In order to compute the Individual terms of the Scattering Attenuation Coefficient

propagation modes, the following formulas are re- (db/kyd) (see Fig. 4)

quized:

Absorption Coefficient (dh/kyd) , ',, <3
(see Fig. 3)

Af2 B2 (7) $ S?( 3)

where First Deph-Loss Factor (db)

(seo* Fig. 5)
A -0.651 8 - 0.0269,

IT = 1.23x 10 6 -[2,00/(r +459.6)] G (z - xo) - 0. 1 x 10 .() /23) ' 3,(x- zJ:1

- L23 x 106 X e-463O/(T+459.6), 20 (I/25)V,(z - z0), 1.

and then Second Depth-Loss Factor (db)

A/B - 24.2; fio - 93. (computed from Fig. 6)

For low frequencies, f(z. X,) - F(z - z.) + F(z) + (Xo).'

a, 0.678/2 . where

and 
F( )- 0,4 x 102 - ,V 3 >9;

ao 0.0073 f 2 for T -50 F. =0.4 x 10 2, f< 8.
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STUDY B

CONTOURS OF TRANSAISSION LOSS FOR

STANDARD CONDITIONS AND CORRECTION CHARTS'
by

M. R. Powers, K. R. Dickson, and L P. Onyx

INTRODUCTION loss was computed as a function of •, where

Contours of standard transmission loss, Nwo, .p., = • + VTZ0 - LI
have been plotted for ten frequencies and three

projector depths, for a standard tcmperature(50' F.) The curves were plotted for constant range, R, be-
anti a standard layer depth (100 feet). Correction tween 0.5 and 25 kyd, for values of % from 0 to

charts have been plotted for eacN frequency for the 140. These curves should be used when they give

correction required because of changes in layer a smaller loss value than the value computed from

depth, temperature, and sea state, Values of the Formulas (1), (3), and (4) of Study A but can not

absorption coefficient, a. for various temperatures be used when both the pojector and the receiver
are also included. The corrections are to be added are above the layer. Examples of these computa-
to the standard transmission loss. The loss con- tions are given in Figs. ID, 3D, and 5D.
tours and correction charts for each frequency have The layer-depth correction was computed from
been grouped together for ready reference, the formula:

METHOD OF COMPUTATION AL,= 10 8 -aoR -

The values of the transmission. loss first were where
computed from Formulas (1), (3), and (4) of Study

A. in all the computations a layer depth of 100 L .. layer depth (ft),

feet, a temperature of 50* F., and a sea state of L. - standard layer depth - 100 ft,

less -than 3 were assumed. Computations were a, - absorption coefficient (db/kyd) at

made for projector depths of 20, 50, and 100 feet, T = 50* F., and
for frequencies of 2, 10, amd 25 kc. 2 For each
projector depth and frequency, the standard trans- R = range (kyd).

mission loss was computed at seven receiver depths This formula was evaluated, for twelve values of

and eight ranges, These values were used to plot L between 9 and 1024 feet. Curves were plotted

contours of constant loss. Examples of such con- for AL versus R, for constant L. The contours
tours are given in Figs. IA through IC, 3A through of constant AL (see JFigs. 2, 4, and 6) were

3C, and 5A through 5C. plotted by interpolating in these curves. This coal

A plot of transmission loss for Formula (2) of rection applies to Formulas (1), (3), and (4) of
Study A was also made for each frequency. The Study A.

In order to find the transmission loss for a

SThs report, together with a complete set of work- given R, Z. and Z0 . for a layer depth different

ins chatis, appeared originally as USL Technical Mere- from 100 ft, it is necessary to find the values of

otandurn No. III0-161-54, L7 August 1954 (UNCLAS" the scaled variables r. z, and z. by using the ac-
SIFRED). tual layer depth. The standard loss contours are

2
The origioal computations were made at additional entered with r, z, and xo, and the value of N,,0 is

frequencies of 1, %i E, 12. 14, 20. and 31 kc. However. read. The correction term is found from the layer
the •n•mputations for the 1-kc frequency are extrapolated

"from data at Iighet frequencies and thus are to be con- correction contours, where these curves are entered

sidcred as eqrtinates oly. with R and L.
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The temperature correction contours were plotted
I j In in a manner similar to that used for the layer cot-

0 fe ce n Ar-a.R( -ct),

S j - where
.005 "a is evaluated at temperature To F.,

-"a. In evasluated at standard temperature. > 500 F., and

fREQ C N KC - ,' R is range (kyd).
I'RQUENCY IN KC

Fig. 10 - Absorption Coafncient (In db/kyd) vs. The formula was evaluated for six values of T

Frequency (in kc) for r 50a F. between 30" and 90%. and the curves were plotted

tot Ar versus R at a constant T. The contours of
constant Ar (see Figs. 7A, 7B, and 7C) were

plotted by interpolating in these curves. This cor-

rection applies to all propagation zones.

It should not be assumed that Interpolation In

- these correction charte will be accurate for an In.
terval smaller than one-half the Interval between

contours. If greater accueacy is desired, the cot-
ciS c. 7rection values should be found from the formulas

0000 or from graph* forconstant L or T. This is partice.

s -- 9 larly true for ranges of less than one kiloyard.
102 - The sea-stare correction

40 1...-.

t_. t1..0 4. V1w [r +X1

89- -- has been plotted for each frequency (Fig. 8). This

"is applicable only for the ranges r ? r, + ý4, for

40 I - -9 -which Formu'a(4) of Study A applies. These range.
1.4 .3 wmay be determined by using Fig. 9 for the three

-values of projector depth (z, w 0.45, 0.71, 1.00.
or Z, - 20, 50, 100 feet).

-Figure 10 gives the values of a, for frequen-
4 ctes from 1 to 10,000 kc, at T - 50" F. The values

of c - a/e. are plotted for temperatures from 25"

2 to 890 F. and for frequencies from 1 to 10,000 kc

11 50 D 70(Fig. 11).

~I U• 40 50 b0 t0O

TEMPERATURE WN F

Fig. I I- Temperature Dependenc€ of Absorption
Coefficient Ratio (C = @/%)

(ai, - Absorption CoeffiL;int at 500 F.)
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STUDY C

ERROR STUDY OF AMAOS PROPAGATION-LOSS ANALYSIS

$y
W. H. Thoip |It

An Investigation was made of the magnitude of computed values of propagationlose from the mesa-
errors to be expected from the use of the analyti- uredvalues for the Andicated propagation maodes for
cal formulas given In Study A of this report for the the 149 stations of Table I. For the remaining; Rin
estimation of poopagation loss. This was done by stations, the prevailing propagation mode appeared

working with a representative sample of the entire to be by way of the ocean bottom.

data (ile. This sample was obtained by selecting The magnitude of the probable errors reflectq
at random a single IBM card to represent eachfth orantic daep stngleIBMcardtonrepressr each some of the time variability of the ocean itself aso f th e N o t th A tl an tic d e e p - w a te r s ta tio n s w h ic h a p r ag t o m e i . T h s f e c w s e t m t dwereoccpie beteen194 an 19•. Ech ard a propagation medium. This effect was estimated

were occupied between 1949 and 1953. E-ach card in this study by considering the reciprocal asture

so selected contained the measured values of prop- of propagation over the same path with transmitting

agatIon loss for one or more of the four discrLte and receiving positions interchanged within a ped-

acoustic frequencies (2.2, 8,' 16, snd 25 kc) foi a od of from 15 to 20 minutes for most of the stations

given range and proiector-receiver depth pair. in Table 1. The reciprocal differences referred to

These datm we listed in Table 1. in Table 2 are the differences In measured prop-
TL* mode of propagation which applied to each agation loss over the same path, but with receiver

particular statioq card was determined from a'con- and projector positions Interchanged. It may be

sideranion of the p ortinent para-eters as Indicated seen that a sizable partof theprobable error of ca-
in Study A. the corresponding values of pormpag- timation arises fron, the time variability Introduced

don loss were then computed from the formulas of by the ocean. These erwrs appear to be independ-

Study A. It should be noted that more than one prop- ent of range over the ranges of the AMOS expeni
agation mode may apply under the transmission
conditions; therefore, calculations using each ap--

plicable formula mustbe made and the result which It may be seen that the probable errors for the

indicates the least loss must be chosen. This, in downward refraction mode of propagation appear to

effect, increases the numerical effort required by be larger than those associated with surface chan-

about 505, nel propagation. The errors associated with prop.

in Table 2 are presented the probable errors of agation by way of the bottom are treated separately

the prediction method obtained by subtracting the in Study D.

27

27



COW'AM!i ON OF COMPUTIM AND \¶ A')JIJFD AMOS PRLOPAGATVON LOSSES

11i,,y +. "' i ',''- Ipr ,-t.¢ • I q 2.2 , 8 '.c 16 kc 25 ke

CrleTe miare Ritph n Iw~w N~a wo -4 NN

(f at OF.. ~ mrormuti 0 ~ ~ N 0 N ~

2 1 30 
71 

4.t 15 wi'ool (flt7! 65

7 9 0 70.0 1'1 260 500 (2) 52 57

to", j 76.6 ý 40 3,000 (3) 91 79

4 0 ! 76.7 15 !_0 2,720 (27f12 2 01,

5 25 4 75.0 j 5 I 1 ') I• ( 1) 82 89
30 1 !2,6 73 92

3 ¶0 i 82.0 15 01 3.3'10 (3) 91 93

6 15 3 4,200 (2) 91107

165 2 79.1 15 29 2.460 (1) 89

1' 60 1 78.4 15 445 2,950 (1) 95 90

11 70. 1 40145 l3 (1) 64 7415 0 1i 7. I 10 401 1.900 (2) 72 81
18 2 5 1 7 ? .0 1 5 4 9 5• 1. 4 ,10 1)

21 .0 1 76.5 15 162 4,640 (6) 99 131

24 100 5 74.1 15 480 2,950 (1) 89

27 130 _ 7.4 15 95 (2)

376. 500 3.950 (2) 97 102

A6 0 2 72.1 5 355 4,430 (2) 95 111

75 2 6V.9 15 20 3.300 (3) 8182

72 55 800 6661, 2 40 2 7 2.7 105 9 280

-75 1 67.6 15 505 3.150 1592

48 50 I 65.1 13 430 4,1140 (6 103I5 1 3.0 -15 20 4, 140 87 93
75 ,0 1 65.5 15 20 7,470 () 93 114

57 20 1 60.8 ' 15 245 2,260 74 91

60 5 1 39.4 15 60 1.800 (2) 85 95

63 120 3 53.4 15 20 3.320 (I) 83 84

66 75 2 57.2 j 15 420 4,4 0) (3) 91 93

69 100 2 65.5 15 40 3.0 0 (3) 78 81

72 110 i 1 70.6 15 60 3,160 (3) 74 81

75 0 o 74.2 15 4.10 5,2n0 (2) 111 116

78 85 1 76.6 15 i32 1,.480 (1) 72 72

at 75 2 74.5 15 500 2.4710 (2) 76 84

84 175 2 77.5 15 20 4.980 (3) 77 90

37 85 1 80.0 1,1 90 2.tso8 (3) 86 82

g0 115 2 79.7 15 24. 5.960 (3) 99 114

5 3 135 2 .2 7 20 275 3,120 (1) 75 1 111 87 91 94

3 135 1 solo 300 300 5,250 (1) 92 91100 96 113 t0o

5 150 1 79.6 50 2[n 3.620 (3) 71 75 78 78 84 83
6 150} 1 77.3J '11 175 3,1l CI (3) 74 74 74 78 85 84

7 250 1 77,0 1-3 27 . 5.750 (3) 93 82

8 200 1 72.8 20 175 3.330 (3) 73 74 74 78 83 84

9 325 3 6s.0 50 200 3.190 (1) 73 71 72 73 83 81

r0 s1v 2 67.% 220 310 3.110 (1) 74 71 77 75 84 81

11 50 3 43.4 30o 300) 7.950 (3) 0 18 96 2 128 148

-2 310 I2 1 34.0 100 2731 P,o0O (3)79 83 95103 117 129

:s 4~93 2 56.0 20 51 8.0001 CI) !:828,2;ii 1

430 2 8 3 0 .~f1 2 84 92 111 111

!4 "0 2 63.0 C5m 300 %3.0 n )8 81 93 89

'5 430 2 63.0 2j ) 15,260 1 (39

-:6 1C0 4 6 5.O 20 150 11.O (4 .1', 102

I *6•,^ 5".U 1 0 S0 2.720 (:. $ 70 7S 74 1 79 80

'D 2 51.1 151 2-3 3.2-,0 (3) 767 7' 7S360g

21 '25 2 70n0 450 1,270 1) 62 65 6368 7' 71

2 0,'5 s CO* (3) 7 71 75 8791

"Fro. Study A. (Comtnoed)
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Table I (Conld)

LaY. $svEact P.ojector Receiver Pr@no S ke 36 kc 25w h
Seao To et ,,t afl3e L2.2 lSc16 21btwohe Station Depth TSe u s rI n""all I ~ e Tmenw et .~ " ! [ I

(it)F -) (it) ( it) ( d F o rm ul a** ww o N w

5 2 25 3 70.0 20 173 8.000 (6) 107 105 131 115
23 0 3 70.0 10 410 7,670 (2) 99 10 to8o 11 12, 1 1 ?
24 30 1 71.0 250 310 1.3 oo •2) 8 1/9 4 97 9 9 110
25 t00 69.0 2o0 3SO 2.720 (2) 66 77 72 GA3 81 $6

7 2 75 1 76.0 20 F'o 4.610 (3) S0 6 1 5 569796
3 125 2 79.9 204) 400 7.900 (4) 13) 119
5 0 2 81.5 100 400 4.140 (2) 113 99

175 2 81.0 20 20 7.950 () s0 f1a 94 a8126 1ot
7 280 3 01.0 100 400 7.750 () 85 86 100 95 120 109
O 260 2 Yi.A I0 100 4.00O (31 61 74 78 77 79 94

8 4,0 41 3 68.0 50 310 5,220 (1) 79 778 16 28 92
2 350 2 68.8 10 300 3.0o0 (1) 94 71 99 74 82 60
3 390 2 69.2 450 410 12.000 (4) 106 78 102 89 137 308
4 Sao 2 66.8 210 100 2.720 M1 81 698117384 It
7 440 a 67.1 310 450 8,100 () M 91 5 97 94111 10

a )00 1 64.9 50 425 6.620 (3) 85 84 90 93 100 107
9 0 1 61.4 20 200 1.520 (2) 65 73 63 70 6 163
30 0 1 60.3 20 421 5.110 (2) 76 94 63 103 92 l16

I1 0 1 60.4 20 300. 0.770 (6) 79 95 07 132 Io6 135

12 190 3 55.6 20 425 $40 (2) 61 6 63 6 •16 64
13 260 2 60.1 50 310 5.800 (3) 7 82 91 90 106 103
14 200 2 58.5 350 400 5.140 (3) 71 89 91 96 92 112
15 340 2 57.0 50 250 2,06 (1) 70 71 69 IS 77 7 2

16 500 1 56.6 400 430 4,1150 (3) 75 757 8 48
17 20 1 58.2 1oo 100 .-C.o200 (6) 93 103

is 45 2 57.0 20 1oo 8.300 (4) 94 102 105 119 120 143

19 300 3 53.0 20 450 7.800 (3) 76 IS 91 101 307 127
20 50 3 52.4 20 S0 4,910 (4) 7684 467 94 98 105
21 100 2 52.4 350 400 17.400 (4) 94 104
22 65 2 56.0 20 0o 18.110 (4) 103 313
23 120 2 65.9 020 100 12.200 (4) 95 92 113 112 133 140

24 90 2 66.4 20 250 8.440 (3) 79 305 86 124 115 135

21 110 3 66.8 100 200 17,900 (6) 90 113
26 40 1 6. 20 50 17.900 (6) 99 113

9 , 1i 1 59.5 50 200 2.600 (2) 6 58288 88",102

3 30 1 55.0 50 300 2.960 (5) 647 1 73 76 756 11 989
4 125 3 57.8 150 350 4,100 (3) 76 81 77 88 94 114
5 100 5 51.0 450 410 7.700 (5) 84 88 101 101 119 131

6 50 2 49.8 100 200 3,200 (5) 67 81 05 86s104
7 40 1 50.8 50 100 8,220 (4) 106 751
a 60 1 50.5 1,0 210 4.600 (2) 96 93 303 103 134 11,
9 55 2 54.0 50 150 8.080 (0) 96 a8 113 99
30 as 1. 58.5 50 310 4.840 (3) 8 9 " 10os 11o 126 124

&1 75 1 66.0 95 260 1.930 (1) 80 79 82 3 0 6
12 a 00 1 68.0 30 450 3.220 (I) I10 95

13 I00 1 70.0 50 200 3.260 (3) 93 73 97719988

14 40 2 68.0 50 150 3,500 (5) 93 87 104 94 129 104
is 75 2 66.9 100 3M0 13.200 (,) 96 97
1i 115 3 63.8 250 45G 8.730 (4) 104 70
17 135 2 62,5 210 400 1,700 (1) 60 66 65• 69 70 71

Is 0 2 19.0 1O0 350 8,400 (5) 133 94

10 1 200 2 50.0 30 200 Z,950 (3) 6 173 75 74 818 5

2 1800 04 . 94,0 250 3.10 5.50 (I) 76 77 92 86 1o1 100

*Prom S.tud A. (Continued)



Thmble I (Conl'd)

LeveeIm lon I Seet s face 8flco etvt R ne poe .2k kc 16k 5h
CIICstto.ehsae Tenwer.*w. Depth ,Depth ikt mk*onk

I(ht) O°F,) 00t (l,) (YO :.,mo a wN O NwlHm Nw lNO MI W-

to 3 895+ 1 41.9. 30 150 5,5 ( l l t 79I 93+ 6I 103 103
4 1645. 3 ,4.6 ,+,0 413 4,0 (1 76 761 "~ 801 90
+ 1625 1 7.2 ,0 250 74 11 60 ,,, 61,., 66 616 14,0o 48.8 500 50, 5,45 (1 76I 77 ,'1 81 100,
7 11500 3 48.1 30 100 3,0 (1 731 721 82 771 8+ 85
9 10o5 4 45.1 2,0 300 MO M 821 so 95 90 10 1s07
9 300 2 37.7 1o0 1.0 3,20f 0ý 6 1 14 731 941 901 95 88

10 3" 3 43.1 50 475' 4,3 () 6 77I 741 at 701 65 107 103

11 600 47.3 50 10 ,4 (1) 65 631 61 631 69 69
13 5'80 4 5.) i®o 2.71 M 9696 o
15 55 1 59.1 2"0 250 3,0 0 8) 7 1 84 8) 76 90 84 100

16 200 2 58.3 30 50 430 3 7• 73| 79| 75 86| 80 100

U7 65 2 19.9 30 50 3,5 3 91 76 771 71 831 831 96 92
In 165 40.1 400 +00 3,0 (3 75, 751 87| +1 92 90
1 0 o 52z.5' so 500 1.2 (2 56 +61 61l 621 83 61

3 70 2 44.3 too 250 4,10 /3 B4 /79 114 1024 6o 2 41L 2 25 475 , 29 (5 3 1 ,,11, 831 81/93I- 106
3 65 49.0 150 So ,60 (2) ,01 73/70/ 76/ 73 80 1 6 9
6 0 +o1.4 250 475 4.40 (2 7,1 79 41 4 ?9/ 91 90 10,
7 20 1 $0.8 so0 450 I,1 (/ 90/9-3/94 10 113 123
8 15 , 0.0 20 415 5.09 (6 5 /596/95 /110/ 10,34 IS
9 0 1 10.0 150350 30 0 (2) 8 75' 791 76/ 691 83 97 93

10 0o 44.5 100 475 5,530l (2 l55 lie1 122,
II1 0 1 49,1 20 250 8,8 6 51 / /9 104 103/
12 25 37.0 so0 400 7.0 () 17 8,7 108 98110/ 115 141 142
13 0 1 3.0 20 300 5,4 () 8 63t 87/ 89/101 101 120 119
14 0 1 39.2 100 475 2,4 2 7i 73| 74| 76| 81| 61 92 91
Is' 40 2 12.0 20 230 "800 () 9 1 10/oTme 1 I
16 50 1 52.5 250 35 5.00 ( 1 a 85 93r 93/tO0[ 1o3 12o 119
17 05' 3 50.7 50o 350 '6,') (6 114 111•'" PY
18 PO 1 3.,, ,0 500 2.50 (2 I6 73/641 UI 41 70 112 872, 50 2 67.3 too ,00 31120f°° (2 +°8916 100

12 2 233 2 42.0 20 300 300 ()92 94

A 900 3 ,,.2 1o., 2,3 6,1 (1 8 I8 75' 031041 93 117 110
5 Soo 3 4.6 30 478 a. 00I 78o/ 80 2 3/" 66 92 10o10
6 jO 2t 71.9 20 "0 5,8 M 69 1053 "9 133

7 0 2 78.5 20 299 I,4 l6 94 10°9|
8 W, 3 75'.2 20 21 I,6 (1 941 B4 108 93 93 109

1o 270 2 M+.,1 404 Soo 3,8 3 7717+l5 l76 76 05 ,0 7 56
1, 120 3 77.7 96 251: /0 (3 73' 731 8 1 77 86 82
12 o 2 v 48 50o 1710 (6) 72 1 90 10°71
13 120 31 711.9 2411 448 3.90 (3 6 75| 77I 771 81 62 89 87

Is too 2 77.1 20 20 7,2 (3 6 6 71 2 98 0 114 103f

17 30 3 77.5 50 102 7.8 4 16 8 1

I18 0 2 74.2, too 475 3 6 2 2 7,3 9 so 6, 84 74 92,
19 o 2, ?5. s 20 51 '14 () 1 96 71" I It
2o 100 2 71.0 441 Soo0 78 5 1' as 193l 97 12 112
1 1"o 2 67.0 30. 2,0 7,/ (1) 72 109

22• 180 2, 7.0 249 471 510 (, 7| 8 1 950910°7 to° 13 117
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Table 2

PRO1ABLE ERRORS OF
PROPAGATION-LOSS PREDICTIONS

(AMOS) (idb)

2.2kc Skc 16kc 25kc

Mode of Ttansmission o6. 5.0 6.9 9.0
(Formula* 2 and 5. Study A)

Mode4.0 3.0 4.r 5.0
(Formulas I, 3. an4, Study 4

Reciprocal Differeaces 3.5 2.5 L5 &.0

31-32
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STUDY D

TRANSMISSIOH BY WAY OF THE BOTTOM
by

M. Schulkin and W. H. Thorp

INTRODUCTION rical path wes used together with the temperature-
dependent absorption coefficients presented In

Study A in reducing the propagasfon-loss values w
The deep-water bottom-reflection data avail- "bottom loss."

able as of January 1954 have been assembled In a In order to carry the bottom-reflection analysis
form which is suitable for use in sonar range pre- down in frequency, underwater siren runs from
dictions. No attempt is made to explain the data;
rather, the data are described in terms of a model.
The model used is that of propagation by way of a C.

the specular path, including an empirical loss at
the bottom. At grazing angles approaching 0°, the 8 -

behavior of the Rayleigh reflection coefficient is /
assumed. At perpendicular Incidence, scattering 15- -....

coefficients deduced from AMOS vertical sounding
measurements at 2, 8, and 34 kc were used. - - - -._-.- -

The most extensive sources of bottom-reflec- 2
tion data in deep water for the 2- to 25-kc fte- -

quency range are AMOS Cruises NINE, ELEVEN.
and TWELVE. Cruises NINE and ELEVEN were
notable for their shallow surface sound channels D W 05 0

and low, direct acoustic fields at short ranges. A's GRALNO ANGLE WITH GON IN E$

continuous-wave sources were used on these two Fig. I - Bottom-Loss Data from AMOS Cruises NINE,
cruises, the sound energy could arrive by various ELIEVEN, and TWELVE
paths, and some discretion had to be used in se-
lecting data which arrived by way of the bottom. AMOS Cruises ELEVEN and TWELVE were used.
For this purpose, the depth of the isothermal layer, Data were considered in frequency bands centered
the decrease of the propagation-loss anomaly with about 1 kc, 2 kc, and 8 kc. Here again Judgmeat
range, the constancy of the field with depth, the had to be exercised in distinguishing bottom re-
magnitude of the propagation loss, and the acoustic flectiona, since the source emitted continuously.
frequency were all considered. On Cruise TWELVE Bottom-reflection data, obtained by theNaval Elec-
pulses were used with the result that it was fairly tronics Laboratory during 1950 and 1951, were

easy to distinguish energy coming via the bottom. also available for discrete source tuns at 500 cps
Propagation conditions were generally good during and 1000 cps. I The medians for the siren and NE9L
this cruise, however, and because only those sig- runs are shown in Fig. 2. The number of runs going
rals which were less than 40 db below the direct into these medians are as follows:
signal could be detected, data were limited to a

few stations. few tatins,'Theme unos are described by T. P. Condrouanud

All the AMOS data were assembled into median R. chere rn aLe rige band
R. . Schillereff In "Long Reuse Sound Transmission'

values, and the bottom loss was plotted against with a Shallow Towed Source at 500- mad I)O-cps
the bottom grazing angle in S-degree intervals and Frequency," NEL Report 323, 16 October 1952 (UN-
out t3 55 degrees as shown in Fig. 1. The geomer- CLASSIFIED).
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flEL 500 "Ps_____

UI.A ww C04 0" ci

- -0w - -IP

1 * 4 0 6 o t 300 40 90
GRAZNG AM WTH OTT00.01DEGEES RAZIG A001.i WT04 0MI00-0 01RCIES

Fl. attmLos DtafomNL isrte- -cFi.3-BtoLssDa fro WH I Bm r

and.U00-Siren

bi. 2 ogmLs aafo NEL Discrete Source- runs at IotmLu Datnda from aWrvosillsal fteAOS veb rtica

Emns at 500 cps. reverberation and bottomn-reflection esperiatents.

Finally, bottom-reflectiont data2 obtained by The pulse-length dependence shown In the study.

the Woods Hole Oceanographic Institution at fre- indicates a tendency toward a leveling off at lower

'psencies below 1 kc through bomb drops were de- bottom-loss values with greater pulse leagths. The

rived for multiple-hop levels for energy lying be- pulse data of AMOS Cruise TWELVE also shows a

tween the limiting ray and the critical angle. In tendency toward lower levels for shorter pulses

workinp out the data, all possible differences In (i.e., 1/2 sec as compared with I sec).

level were used ftrom the 11101 plots of level ver- Probable errors of the points about the curves

sue RIM, where R Is the range and N is the order In Figs. 4A, 4B, and 4C were computed and corn-

of reflertion. Values of N from I to 9 were used. bined with the probable errors of the plots in Figs.

The median values of the resulting data are plotted 1, 2, and 3 in order to obtain the over-all probable-

In Fig. 3. error curve versus frequency shown In Fit. 6. Fi-

These three sets of data were studied for fre- nally, a plot of trrnmsnission loss versus horisontal

yaency dependence by plotting median bottoms-re- range Is presented in Fig. 7 for an average water

flectiom loss against frequency for the overlapping depth of 2000 fathoms and average water tempera-

grazing angle intervals, 100 to 300, 200 to 400, turm of 380 F. for the four frequencies indicated.

mid 301 to 501. The results are shown in Figs. 4A.,

49, and 4C. in drawing smooth curves through the THEORETICAL COMPUTATIONS

points$ dhe AMOS data were given the greatest

weight whenever a question arose. The source of Theoretical computations on the basis of two

thedat isindcatd b a ettr 3 fo WHI, f~ simple models were made in order to observe some

NEL,~ fo Sien (MOS, an A ~w AOS.dependencies of reflection coefficient on bottom

plots of bottom loss versus grazing angle then propert pand bcouttom wvstrcue in one cafnie, oomn-

were madq, starting at 125 cps and progressing In sdrpaeaosi ae noeifnthm

octave steps. These are presented In Fig. 5. A S6ee D. L. Cole, J. p. Kelly, and A. W. Dtaostun,

"Vertical Reverberatioa mad Bottom Strength Mesasue-
2 See C. IL Officer sod J. IL Hersey, "Sound Trust- meats - Eveat SIX - Pffoject AMOS,1" USL Techlutcal

mission from Deep to shallow Water," 31101 Ref. 53-32. Memorandum No. 1110-014-53, 15 May 1953 (CONFI-

Ausust 195) (CONFIDENTIAL). DEN~nAL).
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IFig. 8 - Rayleigh Theoretical Bottom Lose
vs. Grazing Angle (p, c constant)i t I _ geneous, fluid medium (sea water) impinging on

the surface of separation for a second infinite, ho-
tnogeneous, f1luid medium (the bottom). In the secondI -bcase consider tathbotmIcmpsdof man

ing surface.

- , - -- In the first ctise the Rayleigh formula for the

2 - energy reflection coefficient is:

Rjj Sini Ott\ -/l CoS26R(C 2/cila

- - Rfl= Csi0, + /1COS20*(C2 /-, 1

.1 .5 15 10 50 where
FREQUENCY IN KC

Fig. 6 - Probable Error in Bottom Loss vs. Frequency 1ma grazing angle with bottom arnd

~: P2c2/PcIC.

Hfere, c 2 is complex and cl is the speed of sound

too *WA~TR OEPTH. 2000 rANA5in sca water; then

so ~CZ = IC2 (cos q0 - i sin g)Icl e-10

~I4 IIn Fig. 8, the reflection coefficient is plotted

I against the grazing angle for a number of phase

* I angles, q6s, for the sound speed in the bottom. For

110 the purposes of calculation, typical density ratios
of P'I 1.3 and for VI 1.555 were used. The

so I .i a main features of these cur-ies are that (1) when the

K . j jphase angle 0 is close to zero, there- is a critical
o- A' A 5 o 0 12 14 16 Is 20 angle of about 34' for which there is total re-

RANGE CJ KYD flectioin for all grazing angles up to this value; (2)

Fig. 7 - Tran~msnfsson Loss vs. Range for for grazing angles of 5' tuid 100 the reflection co-

Botlon,.Reflectnd Traospission efficient decreases continuously in the "~region of
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90 20 30 40 5O 60 70 80 90 100
GRAZING ANGLE WITH BOTTOM IN DEGREES

Fig. 9 - Rayleigh Th-a.retical Bottom Loss vs. Grazing Angle (Phase Angle constant)

*total reflection," i.e., there is no region of total fleeting sediment which will accentuate the behavior
reflection; and (3) as the phase angle increases above a certain frequency. There is some reason
from 300 to 900 the reflection coefficient imprOVes to believe that this last model hats some physicall
steadily and the grazing angle dependence for each justification frorn studies of deep sea sediments..
phase angle is con tinuous.

In Fig. 9, the phase angle is kept fixed at 10', if a plane wave is incident on a bottom comn-
and the variation of reflection coefficient with posed of a sound absorbing layer of thickness, Do
sound speed ratio is computed for different density overlying a hard. infinite medium, then it can be
ratios. it may be seen that the better matched the shown that the amplitude reflection coefficient is
two media are, the poorer is the reflection coeffi- given by:
cient. The purpose of computing these curves is
to find the actual magnitudes involved. Jr may be R
seen that the previous model does not show the R

main features of the observed reflection cocffi.
cient data except at very low frequeecies. Csin 01 + (yl -(-c- 2 /-cj)2 co-s2 0j) i tan (wo sin 0 2 /c 2 )

-- ____________-------(2)

At the higher frequencies, there is an inCIECAse 4 sin 01 - (t,/Z(7-cj)Y2 co-&Mjz r an (oio sin 02/c 2 )
In reflection coefficient at greater grazing angles
that needs explakning. The shape of the, reflection h
coefficient curves ut higher frequencies may be whr

accounted for in various ways. For example, it sn0 / c/jZcs ~
way arise from a predominant specular reflection
at small grazing angles and a predominant scat-
tering effLct at high grazin,* angles. Atiother pos- 4 See Table 121, p. 1039, of Tb. occass by H. U.
9 ibility is that in die deep ocean a sounil absorb- Sera, .Wjhsoad.i.ilnnMPrtc-

I ng sediment layer overlies a harder, perdecciy tv- Hall, Inc., 1942.
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STUDY H

THE UStE OF RAY METHODS AND FIRST-ORDER DIFFRACTION CORRECTIONS'
by

H. W. MAwsh, Jr.

INTRODUCTION We shall characterize a field point P by Its
Cartesian coordinate (x, y. a). or its cylindrical

in many wave problems, ray methods are cOn- coordinates (r, 8, z), or its polar coordinates
venient and accurate. EIact in the limit of high (R. 8, j1). Our interest will be devoted to cases of
frequency, and employing simple formulas, these symmetry about tine x axis. In such cases, the
methods lose utility at low frequencies or because wave potentiul (,f simply harmonic waves) can be
of inadequate numertcal schemes for intetpteting expressed 3 in terms of cylindrical waves:
them. We shall give correction terms which permit
an extet.sion of ray methods to lower frequencies -,./ . -lut - f W. Xii
(and at the same time provide an estimation of the 17(ru)e do
validity of the high-frequency limit', and vlso set
forth some useful formulas and numerical schemes o (ru)e" du" (3)
for ray tracing and the quantitative evaluation of fo
refraction (sprea~ding) and interference. 2•

From the ray point of view, energy travels

FORMULATION OF through the medium alontg paths described by the

THE RAY AND WAVE THEORIES equation

Throughout we consider an inhomogencous dr/dz -n cos 0./ - $2 cos2 0, (4)
medium !-a which ;he phase velocity varies in one
direction only. With respect to a given Cartesian Hlere 6. is the inclination of the ray at the oiigin.
frame, let co' be the phase velocity at the origin Then, if 0 is the inclination at any point on this
and c that at other points, Take c to be independ- ray, Snell's law is
ent of X, V so that c = c(X). Define the index of
refraction to be

cos 0 = n cos 6o. (5)
to = c/c 0 . (1)

Combining Equations (4) and (5), we may write
For waves of angatlar frequency o,, the wave /

number at the origin is h. (= (,)/c.). and the wave r =f ot 0d, (6)
number at any point is o

The travel time along this ray is

A od = k./n.(2
sin( Md4 (7)

"kfhis study appeated originally ns USL Tcrhnical
Memtoradum No. 1100-61-54, 27 September 1954 (UN- which may also be written
CLAWSIFIED).

2part of this material was considered by Noim-n 31.ru) is relted to the ?eroith ai-tei hir-,el func-
A. itskill in "lDiffrtalit Effect, In the PopaxAg tia fin ton by F(,uI - I,,(rijhekOlur while di n' ,,4 oa-dimen.
of Convpregsai•nl Wave, 'a the Atmosplese,' Ajeuphy-s. tonal wstv- f,•,wctu, silaisyiun
ical Research Pver No. 3. [(d'/dzz) h k A. • - =0.



not- r a,, /od. 8Equation (12) is simply the equation of that
u~j r os 0 1 sin0/0 C. 8) ray for which to - Cosn 0,. Now In Equations (11),

"0 r and % are fixed. If we write r" for drid coo 0.,
We may interirot the progressive divergence where r satisfies (12) and z is held constant, we

of a tny hundle as a corresponding spreading of then have
wave energy. "iThs, for a simple source behaving

like e' 1 oR/R neair the origin, we have from this .-

point of •iew 0 ,

(~ ,-m tan 0) ,rI/dO. (),"./,

as the ratio of wave intensity at unit distance i',- A". (13)
from the origin to tie intensity at other points on

the roy.
Here 0.1/w turns out to be the travel time

along the ray in question, and the "ray intensity,"

ASYMPTOTIC DEVELOPMENT Eq. (9), is simply related to the rate of change of

OF THE WAVE FIELD this time.
According to the method of stationary phase,

we can sow write

Equation (9) will break down when I'l/r2 Is ke e"t F 0 coa 0.)
mall. in order to investigate this situatio., we
may appeal to an asymptotic development of Equa-
tion (3). It is assumed that F(vu) is but slowly x frd&e./2[a2ro+ (uS/shpr"Jd, (14)
varying. Considerlng an extension of the method J
of stationary phase, write

The path of integraton in Eq. (14) is to pass

(a)- Mar - V (4. Z)j through the point x - 0 and Is to terminate at inW
(Lnity in such a manner that the integral converges

- + (fa - as) 0.0 + (a - a.)i 0./2 absolutely for general values of Aor'ond kor". We
shall presume that both these quantities have a

+ "76 + - small non-negative argument, with results for other

a - a' •"/6 + ••• (10) values following by analytic continuations.

An appropriate path of integration is r", as
as the Taylor series for 0(a) about the point a.. illustrated In Fig. 1.
Then

i'0 = A.uor- A.&',

S . ,0 4 8 -C 7 /

The stntionary point ax is the solution of the
equation 0 0. Tlherefore,

r -(12) Fig. 1 • Path of intgration, r
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By a linear transfonnmatlon of the variable oi , ( t/fo ,o)n 9*
Integration v. and an appeal to Cauchy's theorem,
we aet 0/i - AW , /3V

X qfCUB+/0A 3 )

S- (2/k.r'•)" A.P(r cos 0.)

•" + X3 ,(w/VS) b,2 (A,,2) '/3 (17/ a
x fewP + V d1 , (1) For large A., this I@ asymptotically

where .' E• v2/(r0' /P(r coo 0.) (2wf Ve" i ) (11)

w . " (Agr,) 2/(Iop',)4 3 . (16) which is equivalent to Eq. (9), ie.. In theoptical

limit (A.,. -). This method of stationary phase re-

and r,' is as indicated in Fi 8 . 2. The contour in duces to the geometrical, of ray, approximation.
Fig. 3 Is equivalent to the wtonur In Fig. 2. By Let 0. denote this limiting form of 6. Then we
considering the contour in Fig. 3 and referring to may write in general
the appropriate tables, 4 it is found that

V'2 " o/ V3I/

2 3 (Asr"A

5+ x� a÷ # b2 I (k,/2)'' r'/r" I, (19) I

or writing

a Akr' 3 /Zr4o ., (20)

-and

Fig. 2 - Transformed Path of integration, h " o I a).(21)

we have

.. • •~~~~~ (a)• •- a}ll2)~/)

XIVZ a•V b2  a/3S.I. (22)

For a -. . implying high frequencies, 1(a).- 1.
Conversely, for a - 0, Implying low frequencies,

Fli. 3 - Equivalent Contou foe Path of Integration, r' or near caustic lies,

(a) 2w e a vls 2
// rZi/3) , (23)

4Tables of the Modified Ilankei Fuacttous of Ogder
Oae-Thi'd. Computntior.s Laboratory, Ilarvacd Onivre.
sity. and tuaking into account Eq. ,, , ii &bit liuic is
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.001 .00 .0...5 1 1 to

Fig. 4 - Firor-Order Diffraction Correction

96= - 2/6 11/2 1""/'; 3 Z/3 1'(213) = 1/co ((dr/d cos 0o) cos 0. + r

x [hr /(,") L") (sin O./rn tan 0) *2. (24) + cos 0 (dO/d cos 6o) dz)

A graph of I(a) is given in Fig. 4. It is to he x d cos 0o/dr

noted that I is indifferent to the sign of r" and
that the conjugate value of I is to be employed cos 00/co, (25)
when r'is negative.

where we have also used Eqs. (5) and(6). We then

A SIMPLE METHOD have

OF PREDICI ING INTERFERENCE
djt/dr2 =- (sin 0o/co) dOe/dr

The exact travel time along a single ray is v, sin 00 tan OI/c 0  (26)
seldom important. On the other hand, the differ-
ence of travel trtes Flong intersecting, and hence
Interfering, rays it, 4,fen of interest. A significant 2
feature of thin; interfterence is its change with dis- Now, except near focusing regions, I " r' 2 so that

d 2 /dr2 will normally be nrg!;igily small. Thus,
tance. For vxamph'. 6~e spa~cing between interfer-
etnce nulls is n mom, e.iig:• jening featuw c of the if At is the difference ufravel times betwcen rays
paternls. ,with source inclinations 00, 0., the change in At
pattern. over a change Ar in distance will be nealy

Referrin? to !, (8), wr have for constant z,

d/dr (dt,' c(,t j ,s con 0 ,,,, dr (Ar/co) Icos 0. - cos 0" 1 (27)
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Therefore, the spacing between points of similar and the angular difference 0. - I• is nearly
interference characteristics is nearly

(2tc°)/w, ICos 0, - Cos 0.1 (28) (dGo/dr) t.
Hence,

This approximation is valid when I '- f2 and when
r >> Ar. Its great utility comes from the fact that At , 0i + (r1/c,o ds/dr t .+ rl cos 0o/co, (30)
only the ray inclinations at the source need be
known.

In cases where 9. and 0o are nearly the same, Equation (30) is useful when 0s - 0. i, small.
At itself can be found simply. Consider the tua- When this is true, rl can be computed using 0. in

lieu of 0., so that the actual angle 0.o need never
ZXO enter into the calculation. If greater accuracy is

requited, Eq. (30) can easily be extended to
80 higher-order terms, which will involve, for example,

zezo the ray intensity and its rates of change. There-
fore, the tracing of the basic ray, together with

S 00 its first and second space or angular derivatives,
will usually yield complete practical information
on refraction (spreading), diffraction, and lnterfet-

P tnce.
I I

Fig. 5 - Two Ray Paths for Computation of Travel-Time STRATIFIED MEDIA-SPECIAL CASES
Difference

In creating a problem involving an arbitrary In-
tion illustratetl in Fig. 5. The travel time differ- dex of refraction, it is usual to divide the medium
ence, using Eq. (8), Is up into strata, in each of which n varies in a aim.

so pie manner. Ray tracing then consists of apply-

At -r 1 ommO,/0 +(2/c) (sin0'/) gIng formulas to get the increments of distance,jA travel time, and intensity in each stratum, and
proper combination of these to yield the properties

(1/c.) (sin 0'/n) dC of the entire ray. Thus, let zj be the thickness of

fa 0 the Otb stratum, r, and ii, the increments of dis-

( -t)f() cos 0:!c. ance and travel time in the stratum, and 0, the
angle at which the ray enters. Then

so
- r cos 0o/co (29)

The first two terms represent the travel time $t of
the primed ray in the medium above the source.
The remainder of At is the dfference in time for 1.1 1 fr sir P/cos 0o) Y (drl/dO) .
two rays of inclination 0,, 0o traversing the same
medium, to distances r and r - rl, respectively. Table I below gives formulas which apply to
This remainder is nearly several forms of variation of a. hi tile table, cl is

the velocity at the point of ennty of the ray, atnd

(dildO0)((0,) - Oo, nj ii c/l.
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Teble I

FORMULAS APPLICABLE TO VARIOUS RAT SIIAPES

' I Ct Gometqed

I + , cot 1(0, + 01)/21 (vcA•(.., on - .80ri ,es Gea Ckd.

I/ /'I X(- 4/t,, 0n (0o,- 0.) (t-/,X,, cap 0o-4 .i.e oQ/,gf.,+4 +lS .,o es peaw.a

vI/-JI Z 8- (Co. Oy.i) ale, (1s,,v.u ea) (,?V#2C Cos + C063 0i + to 1in a2, im3 Cu,,v.

TABLES FOR RAY DIAGRAMS to give the following tabulated quandtles:

A sil uf c•iI-,:, which areuseful In tracing rays
through stratified media, in which the separate 8 1 coo 81 - i coo 0.
strata have constant velocity gradients, has been
prepared on 11341 equipment. These tables provide p cot [(0o )
travel time, distance, and intensity increments. r (siah" tan 0, - sinh" ton 01)/(n - 1)
Entry into the tables is accomplished through the
angle 0, of entry of the ray and the index of re- p/sin L, sin 01•
fraction a. Divided differences are provided. Lin-
eat interpolation, using these diffcrences, will Using these, and the notation of the preceding
give sufficient accuracy for most purposes. The section, wie have
tables cover the ranges for 00 in degrees.

I Or ,Zpox,.

0o- 2[0.215 X 10O,a--1, 0, 1 a =(I/c*).i.z 1,
t0.51 101 (51 -(sin O$sla Gpr/cos' 0.) ZX181

a - 1.00002 (0.000021 1.002
1.002 (0.0021 1.01 These tables are available at the Laboratory either
1.01 (0.01] 1.1 In tabulated form or on IBM cerlds.
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STUDY I

AMOS LOW-FREQUENCY DATA-ANALYSIS METHODS'
by

T. P. Condroin and J. F. Kelly

AMOS LOW-FREQUENCY
DATA-ANALYSIS METHODS

INTRODUCTION METHOD OF ANALYSIS

One of the objectives of the AMOS low-fire- A block diagram of the analysis system appears

quency acoustic measurements is the determina- in Fig. 1. The purpose of the system is to resolveV
tion of attenuation values In the frequency range the broad-bond signal into 10 narrow bands and to
from approximautely 100 to 8000 cycles per second produce a plot of sound-pressure ltvel as a func-
as a function of the mode of propagation. In pur- tion of the logarithm of the range for each bad.

suit of this objective, a total of 28 low-frequency In operation, the signal is fed from the magnetic
acoustic stations were Inchlded during AMOS tape to ten filters and then is averaged for three

Cruises ELEVEN and TWELVE. The objectives seconds in die rectifier averagers. The averaged
of this report are to discuss a scmlautomatic anal- output of cacti filter is their fed to one position of

ysis system which was developed at the Under- a Bell Telephone stepping switch, which is driven
water Sound Laboratory in order to process the at such a rate that a given filter output is sampled
data from these stations and to present sample once every 30 seconds. This is equivalent to i
plots which were made by the system and wbich range increment of 150 to 250 yards, depending
point up ohe of the more important modes of prop- upon the speed of the transmitting ship. The sig-
agatlon. nal for each filteris then fed to a Western Electric

4A Graphic Level Recorder, where a photoelectric
The data to be processed are in the form of reading head attached to the recorder shaft con-

broad-band dual-chAnael magartic-tape tecotdings verts the voltages to a discrete number of pulses,
made at sea by the listening AMOS ship while the which are fed to n binuty counter and finally to an
transmitting ship operated an underwater siren or IBM Summary Punch, Thus, the averaged output of

Mk 4(v) harnme-hox and opened range to 80 kilo- each filter is punched into an I1M card as the
yards. Each tape-recorder channel recorded the out- stepping switch rotates. After thr cutds are proc-
put of a hydrophone suspended at a depth of either essed, they arc fed to an X-Y Plettea, and the cod
SD or 500 feet continually while the range was result is a plot of sound-pressare level in decibels
being opened, relative to one dyne per centiicter squared as a

"function of the logarithmi of tIde range for each of

I Thbi study appeared originally ar U,% Reiorch the ten frequency banqd. Miost vf tile 28 stations

Report No. 219, 25 janusy 1954 (UNCLASSIFIED). taken to date have beest processed by tire system.
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which occue ag 70-kiloyard intervals in the South-
[VjPWE ILTERS RECTIFIER ern portions of the North Atlantic and Pacific

AVERAGERS Ocean-% and at shorter ranges At More notherli~ly
latitudes. rhe curves are presented primarily to
show the variation of range to the focus with Seo-
graphical locatfon and the variation In signal In-

RCAOIO .. 9IARY TEN" cirease at the focus with frequency.
...RE HA COUNTER SWITCH In Fig. 2 are shown the sound-velocity-depth

profile and a prepagation plot (or a station taken
at 680 north latitude and 0110 west longithde In
August. Ray calculations indicate that rays having

196 X~yan Inclination of less than 0.50 from a source at a
PUN014depth of 50 feet would be retained in the shallow

surfaice lwiyer. Those having inclinations between
0.50 and 100 would be refracted, down Into the

Fig. I1. Block Diagram of Broad-Bond Analysts System iayer between the bottom of the SOFAR channel
(dashed line) arid the ocean bottom and would re-

RESULTS OF ANALYSIS turn to a hydrophone at a depth of 50 feet at ranges
of between 45 and 53 kiloyards; the focus peak

In order to indicate some of the geneyal results would occur at 46 kiloyards. Rays with inclina-
of the analysis made to date, propagation curves tions greater than 100 would reflect from the ocean
for three stations made at fairly widely separated bottom and would be received at all ranges between
locations in the North Atlantic Ocean will be pre- the source and 45 kiloyards. The agreement be-
sented. The mode of propagation best emphasized tween the predicted and observed foci's range for
by these curvzs is that responsible for the foci the frequency band centered at 3600 cps In good.

SOUNID VELOICITY IN FT/ SEC
4900 49f..

Ik01

w

K2

8000

I~~AD _at BOOI*d~5  WIDS I INGUST 1952 J
Fig. 2A - Sound-Velocity-Depth Profile Fly. 211 Propagation Curve

Fig.2 Daa Obaine onStation 600 14, 0 10 W.
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SOUND VELOCITY IN FT/SEC
__ 480 4900 --3O02002

t. 40 W AM l.ENT

L0.w

I000 0k-W(n
8"4•-" "o 26 806W RANGE 'N KYD

600 -S06,%CE - SIREN t(YDROPHONt:
FREQ. - 3600 CPS DEPTH - 5 FT
BAND- 18 JULY 1952
WIDTH - 800 CPS

Fig. 3A - Sound-Velocity-Depth Profile Fig. 33 - Propagation Curve

Fig. 3. Data Obialmad on Station 750 N, 010 E,18 July 1952

SOUND VEOITY I N FT /SEC

-0(

- 0-2 ,I -

AMBIEI_

S2 4 6 810 20 40 GO

RANGE IN KYD

SOURCE- M K 4(V) HYDROPFtKNE-
Fte-oMMEROX DEPTH 50 FT

Pig. 4A - 5ouni-Veloclty-Oepih Profile IFREQ - 3600 CPS 5 APRIL 1953
BAND-
WIDTH B0 0 CPS

Fig. 4 - Duta Obialned an Siotion 260 H, 700 W, Fig. 48 - Piopogutlon Cvrie
5 AprIl 1953
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1)nti for 'ig. 3 were obtained on a station lo-

cated 7" north of tl�, previous one, at 750. north u

loticude �uid 0 I" c ast longitede during July. Ray

colcu!ittions f�r this situation indicate that rays C)

having jidinjitions of 1. I� to 12.50 at tile source

depth w�uld rvfr,�t back to a depth of 50 feet at K... - i -

failges of hetwecti 27 and 46 kiloy�irds, and toe

predicted focus peak would he at 29 kiloyards.
Here again, there � Rood agreeflictit betweei� the

predicted focus at 29 kiloyards and the observed

peak, which begins at 31 kaloyards.
Fi�ti'.e 4 contains data taken on a station well

south of the other two, at 260 north latitude and U

700 wc�r Ioiij�iuidc during April, The Mk 4(v) ham-

nierbos, which was used for thia station, does flOt �ANGLI K

have so great ISO output as does the siren used on f�JRCESIREN ta JULY l95�

tile previous two stations. in this instance, the

predicted focus ratige is 70 kiloyards and the ob FIg. 6- Comparison of Propagallen Curve.,

served peak occurs at 69 kiloyards. Although thia 18 July 1952

focus appears to be wcakcr than the other two, the 2

totul loss from 2 kiloyards to the focus is nppro�i- U

- mately 8 to 10 db less than In the previous two
z ____

cases, and the apparent weakness is caused by a
lower source output.

These thret' stations, for which focus peaks

occurred at 48, 31, and 69 kiloyards, respectively, Z - - -- -

in thc baud from 3200 to 3800 cps, did not exhibit
3600 CP

a marked focus at all irequencies. For purposes of ____
LU

comparison, the propagation plots presented in
Figs. 2 through 4 are repeated in Figs. 5 through

U �4 SIRIL 953
*2���

U RAN�i.iN�.
SOURCE -MK4(V� I4AMMERBOX
HYOROPHONE FT

PIg. 7- Comport sari of Propagutlon Curves.
5 AprIl 1953

7, accompanied by a plot for a 100-cps band cen-

tered at 250 epa.
Cf

_____ Figure 5 represents the station where the focus
was observed at 43 kiloyards. Although there Is a

1 � J1 AMeIENT - 'V rise in level of approximately 20 db for the band

� tO 20 � centered at 3600 cps, no marked level increase
RANGE IN KYD occurs at �'50 eps. The same type of frequency

� behavior is observed for the second station, as is

shown in Fig. 6. In Fig. 7, however, the rise at

� 5 . Con.pavlson of Propagation Curves, the focus is somewhat more pronounced at 250 eps
1 Augu6t 1952 than it as at 3600 cps.
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CONCLUSIONS Ah 4(v) hammerbox during these experiments will
shed some light on this behavior.

No explanation for the dependence of focus The AMOS low-frequency program has reached
intensity on ftequency is offered at present, but it a stage where a substantial number of experimental
is interesting to note that the frequency band stations have been occupied, and the data from
which best shows up a focus is not always the most of these stations have been processed. The
lowest one.2 It is hoped that an analysis of explo- propagation curves are now being Interpreted in
sive pulses used in conjunction with the siren and the light of environmental factors. However, In

order to obtain the statistical avecages which will

2 These conclusions were appropriate when the orig- be required for a practical application of the data,

inal study was prepared. An explanation of this phenom- a much larger number of additional stations will
enon is presented in Study j. be required.
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STUDY J

COMPARISON OF COMPUTED AND MEASURED INTENSITIES
FOR PROJECT AMOS NOISEMAKER MEASUREMENTS'

by

T. P. Condron, D. L. Cole. and J. F. Kelly

Theoretical intensity-versus-range plots have signal versus range: (1) the direct sound field,

been computed for one set of Project AMOS deep- which is always predominant at the short ranges;

water, low-frequency measurements. The sound (2) the bottom-reflected field, which becomes pre.

field in the vicinity of caustics and the bottom- dominant in tile region beyond the direct field; and

reflected field are included in the computations. (3) the focused field, which is commonly observed

These plots are compared with actual prnpagation atrjkrangemoftabout•t60 kyd in the southern portions

runs for which a broad-band noisemaker coveting of the North -AIa'thft-iand P'acific Oceans and at

the frequency range from 250 to 8000 cps was used. shotri¢ ranges in more northerly latitudes. For the

The observed intensities are in substantial agree- dit, and focused fields the major causes of slig-,

ment with theory. nal reduction with rornge Ve spreading and ab.

During the propa4ati6n program which the' Un- aorption. For the botto.mwr ted field, a boundary

derwater Sound Laboratomy has oisnducted for sev- loss is introduced.

eral years in connection with Project AMOS, a The 'first- purtion of this study will deal with

variety of acoustic measurements have been made. the bmoom.,eflect.)d field, and the final portion

Of these measurements, the type to be discussed will be a diseusuion of the focused field. Since we

in this study will be those in which a listening are primnarily interested in long-range propagation,

ship lay to in deep water while a trnntmitting ship it will suffice to state that the direct field tertai-

operated a noisemaker and opened range to approx- nates at a range of approximately 4 kyd for the

imately 80,000 yards.' The object of this discus- station with which we are concemed. Measuremeats

sion is to present the method being used to inter- on this station were made by using an underwater

pret the propagation loss observed for each of ten siren in 1500-fathom water in the northern latitudes

frequency bands in the light of oceanographic of the North Adantic Ocean.

factors. 3  The expression for ratio of the ;ntensity at one

In. general, three major modes of propagation yard to that at any point in the medium (Eq. (9),

are responsible for the behavior of the observed Study ti) may be written:

This study was delivered as a paper at the Ninth - (R sin 0/cos 0.) dR/dO. (1)

Navy Symposium on Underwater Acoustics, at the Naval
Research Laboratory in June 1954 and was subsequently where
published in the January 1955 issue of the Journal o/
Underwater Acoustic&s 00 = the angle which the ray makes with the

2 This type of run Is designated as a "station" and horizontal at the source,
will be referred to as such throughout this study.t

3 The method which was used to resolve these noise- 0 the angle which the ray mukes with the
maker runs into plots of signal level versus range for horizontal at the receiver, and

ten frequency bands was disc-ssed in "AMOS Low- R = the horizontal distance front the source to
Frequency Data Analysis Method," by Thomas P.
Ccndroa and John F. Kelly, a paper delivered at the time receiver.

• Eig'th Navy rymposiuma on Underwater Acoustics, at the
Uad.,rwater Sound Laboratory, 19-20 November 1953. See: It is customary to break the velocity-depth curve
also Study I of trie present relort. into layers of constatnt gradient, amid then
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R

atnd t 0 ... . .
N
X2 drid,/0I

for N la)crs. The orinulas wlich were used for 4

comnputing r, midJ dr,/d0, re as follow. -,

ri = (colgi cos 00) (sin 0 - sin Of . i) ; (2)

(drj/d00 ) = (c, sin O0/gi cos 2 0.)

x (1/ :it 11 - I/sin 01 + 1) (3) Fig. 1 - Diffraction Correction Curvt

sity by the square of a value obtained from Fig. 1.

dethn hr the laye r a cdinirg til e lanyer ton the same The value of the parameter Is computed from the

depth wohere the ray csate o he ler to the same following relationship given in Eq. (20), Study H:
depth on the oilier side of the vertex is

a - h. (-iR/dx)3/2 (d2R/dx2)2 , (7)

= (2co,/gv cos 0.) sin 0v , (4)
where r is cos 0. and k. Is the wave number a& the

and the derivative is source. ](a) is given in Study if.
The derivative, appearing In Eq. (7) were cam-

drt/d0 = (2c, 0/g,, Cos' 0.) (sin O./sin 0,,). (5) puted layer by layer as follows:

In the above formulas gi is the gradient In the Ith dri/dx -(c/gi cos 2 0.)(Wain Oj - I/sin 0j,+ )

layer, g. is the gradient in the vertex layer, 08 Is - -(1/sin 8,) (drtld6a).

the angle which the ray makes with the horizontal

at the depth where it enters the vertex layer, and drtldx - (2c./g, cos 2 0,) (1/sin 0,,)

01 and 01 + I are the angles made by the ray upon

entering nnd leaving the ith layer. - - (1/sin 0,) (drdOo), (8)

Thus, at any point after the vertex:

dRIdOo - (dr,,dO0 )

.. I K d2ijdx 2  (c./Ig cos 3 0.)
+[E(d,,/dOo) - F (dr,/IdO)]. (6)

I V+1 x [(1/sinO 0, - I/sins 01 + 1)

The v - I and Lt * I refer to the layers just before

and after the vertex layer, respectively. When the - (3/sin 01 - 3/sin 6, + 1)),
sum of the terms inside the brackets of Eq. (6) be-

comes equal zo dr,/dO. in magnittide, then dRIdO.

vanishes (since aNl the drt/dO. terms have the op- d2r,,/dx2 - (co/g, coss On)

posite sign from dr,,/dO0 ) and a caustic is reached.

However, a second derivative exists unless it is X (0/sin8 0, - 3/sin 0.). (9)

also a cusp, in which case the third derivative

would be required. For purposes of illustrating the method which

The cofrected intensity in the vicinity of a "was used to compute phase, two rays which reflect

caustic i- obtained by multipi ing the ray inten- from the bottom will be considered with the source
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HORIZONTAL DISTANCE TRAVERSEI. BY THE ' o 2 - A( (dl /dR)

Ro0 2 7 002 DEGREE RAY IN TilE LAYERS BELOW

THE SOURCE. (14)

HORIZONTAL DISTANCE TRAVERSED BY THE + ( A n )2/2] (d 2"'!dR 2 ) + ...
RooI Oo1 DEGREE RAY IN THE LAYERS BELOW

THE SOURCE. where

d2T/d, 2 
..- (sin Oo/c.) (dOe/dR)

00/ Equaticn, (14) is the difference in travel time be-
tween the two rays in the layers below the source

and the receiver, and this is an increase for the

002 degree ray over the 0,1 degree ray since
/ dT/dR is always positive. In the layer above the

// receiver there is an increase In travel time for the

/ AR: R02 - R0 0o ()0I d(gCi c ray oV'r the 0.2 degree ray. Thus, the
/ total difference in travel time is

"T'00 1- (7'00 1 - '10 2) = AT,
Fig. 2 - Geometry for Two Bottom--RefIected Rays

where T,00 I is the travel time for the 001 degree

and the receiver at the same depth (see Fig. 2). ray in the layer above the source.

The method applies, however, to rays with turning It was found that for most cases the first term

points and to cases where the source and the re- of the expansion was sufficient and that in the

ceiver are at different depths. layers below the'source and the receiver, the ex-

Assume that the range and its derivatives with pression

respect to 0. have been calcudated for the 0o. de-

gree ray. The problem is to find the travel-time TO TO- O 002 = A R (cos 0o/co)

difference and, hence, the phase difference between
the rays. was usually accurate.

Break the travel-time differences into two Figure 3 shows theoretical plots of spreading
parts, one part being the time taker, by the 0o de- loss versus range for signals reflected once from

gree ray to traverse the layer above the source and the bottoin and for those reflected twice. The
the other being the difference in travel time be- curves ate based on intensities computed by using
tween the two rays in the layers below the source the formulas given above and the velocity-depth

and theula reenabveeiver.eoctydeand the receiver. structure which existed at the time the measure-

R XY (c./gj cos 0e)(sin 0j - sin Oj + 1) (10) SO --L --

T' = Y. (l/gj ___

x(tanh'i sin 0 1 - tanh-' sinO +) (11) O +...

dT/dXt = (dT/d00 ) (dO,/dR) = ces 0./c, . (12) -nIGNALS REELEVTEO ONCE .
) -FROM BOTTOM
z 9o0 - SIGNALS REFLECTED TWICE -.-- -

Expand T in a Taylor series as a function of R - FoMRTBOTTOM

(bciow the receiver). SOURCE DEPTH: OFEET -HECEIVER PEPTH, 50FEET r

10 WATER OEPITH: 9000FEEt r -

Too2 TOO1 1- (RO0O2 - R0OO ) (dT/d-) 1 .L _L LLLLLi
(13) RANGE IN KYO

(Ro0 2 - Ro 0 1J/2 (d
2
T/dR 

2 ) Fig. 3 - "I heareticl spreajing-t.oss Curves
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ý:,tUNOI VFLOCITY IN FT/SEC rate of sprea'ding loss is gretcutr tlain 6 db st the

4fit00 4 '00 longer ranges. Folitr eaich of these orders of bottom

reflection, as well its for ul1 higher orders, there

I are four paths by which a signal can reach a cc-
2 0 -............... ceiver (see Fig. 5). For most of the ten bands Into

which toie sireua spectrum was resolIvd, the four

-.ignnls cotild be combined simply by multiplying
the intensity for one path by four. At the lower fri-

K qucocies, however, the rate of change of phase
with range was slow enough so that if phase were

W
0 0 0X neglected, significant errors in the theoretical

curve would result. The plot shown in Fig. 5 comn-

bines the four indicated paths for a frequency of
250 cps, -which is the fundamental frequency of the
siren used in the measurements. The source and

ODDo - - -the receiver are at dcpths of 50 fee', and the water
depth is 9000 feet. Figure 6 presents a similar plot

Fig. 4 - Sound-Velocily-Dspth Profile I5 -0
I FREQUENCY; 1250CPS

ments were made. Tlhe velocity-depth profile for - - SOURCE DEPTH: SOFEET
IV HYDROPHONE DEPTH "OFEET

these nmeasurements is shown in Fig. 4. The sta- o 60 WATER DEPTH 9001'ET

tion was made sir 75' north latitude and 01l east -
longitude during July.

In a homogeneous medium the two curves would -

approach a slope of 6 db per distance doubled as
the slant range approached the horizontal range. 10_

However, for the station under consideration and -- !
for most deep-water locations there is consid- •.
erable curvature for rays which make small, angles a
with the bottom. As a result of this curvature, the -

__5 so
gCtW1_ SURFACE- HAN E IN KYD

Q0 .FEET Fig. 6 - Spreading Loss for the Combined Four Signal
.... ----- FREOQINCY; 250CPS Paths Reflected Once from the Bottom for

. SOURCE DEPtH;OFEET a Frequency of 1250 cps
HYDROeHONE DEPTH: 50FEETffiJ __ WATER DEPTH: 9000 FEET

A Efor the fifth harmonic of the siren. Because of the
60_____proximity of the peaks at this frequency and because

there were two or more harmonics in the pass band

of all the filters used in processing the data above
--. -0the thirdharmnonic, phase above this frequency was

S- - - neglected.

so _ - e next step in the analysis was the construetion of a theoretical curve which indicated loss

versus range. The computations for this purpose
90- included absorption and spreading for each of the

! -40 ten frequency bands. %ihcn the spreading loss

RANCE IN KYO

4 Absorption was computed from Leonard's formula
Fig. 5 Spreading Loss for the Combined Four Signal and by using the new constants which ate presented by

Paths fie4 f!€tecl Once from tihe notton for H. Wysor Marsh, Jr., and Morris Schuikin in Study A of
o F-requency of 250 cps this repoit.
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- ITREOUENCY: 55cps
f!l neorY II HYDROPHONE DEPtH 50FEET

-0-t• A J- SOURCE DEPTH: 20 FEET
GA6N 1007 LSOURCE LEVEL; ?50E/I OYONOFICUG"

FOCUS REGION_

W 10

_ 0---- - - ' ' f.

0 2 0 40 60 TO 80
GRAZING ANGLE AT OCEAN BOTTOM IN DEGREES-0 - -

1 5 ID 3

Fig. 7 - Refleecton Loss vs. Grazing Angle at Ocoon RANGE IN XtVD
Bottom

Fig. 8 - Sound Pressure Level vs. Range for
a Frequency of 250 cps

and absorption had been established as fnctions

of range, the theoretical plots for signals reflected this region. A sample of the good agreement at
once ftom the bottom were compaed with the meas- other frequencies is shown in Fig. 9, which Is a

ured propagation plots at shortranges where spread- plot of measured acoustic-presslure level versus

lag predicted that these signals would he much range for the frequency band from 4000 to 5000

stronger than those of higher-order reflection. A cps. The smooth curve is the one predicted on the

smoothed curve of loss per reflection versus angle basis of the bottom-reflection losses shown, In

,f reflection atrhe bottom was then constructed for Fig. 7.

each of the ten frequency bands and extrapolated Two focus regions, one at a range of 30 kyd

to include angles from 15° to 80'. Some of these and one at a range of 60 kyd, were observed dur-
curves are shown in Fig. 7 and indicate that flhe ing this station. These were caused by rays with

reflection loss increases with frequency and angle initial source angles of less than approximately
of reflection. The maximum range used in deter. 12' which went through turning points at depths

mining the curves was 10 kyd, which corresponded between 6000 and 9000 feet. As a result, four caus-
to a reflection angle of 30" for this station. Values tics were formed at shallow depths in both focus

from these curves were used to correct signals of regions; each caustic was associated with one of

higher-order bottom reflection, and the various the four possible paths. Becpuse of the rapid con-

orders were combined. The end result was a pre- vergence of the rays in the caustic region and the

dicted curve which included spreading, absorption, subsequent interference between neighboring rays,

and boundary loss for each frequency band. it was necessary to correct the levels based on

In order to check these results, the predicted
curves of level versus range were compared with IO -FREQUENCY BAND: 40OO0-5000CPS
the observed plots with the view that any large IC SOHYUn0PHNE D EPTH: 2'0FEET9 -. DIRECT +• OURCE DEPTH; 20 FEET

error in bottom-reflection loss would show up be- o FIELD SOURCE LEVEL: 67DB//IDYNE/CM_2

yond the 1O-Icyd range, the maximum range used in
determining the curves in Fig. 6. The agreement '_*;-- "

between the predicted and observed levels was -IO-0 - -.

good except for the 250-cps plot. This plot imdi-

cared that the bottom-reflection loss is not zero -4

for angles of less than 370 (see Fig. 8). In Fig. 8 >--o

the solid curve is the predicted one. It is evide-nt "-AMBIENT- .

from Fig. 7 that t&e decrease in observed signal I

is more rapid than that expected if the loss were RANGE IN KYD

zero for grazing angles of Ilss than 37o. Points

beyond 26 kyd have been omitted because focused Fig- 9 - Sound Pressurn, Level vs. Range for the
rays which do not reflect from the bottom arrive in 4000- to 5000-cps Frequency Bond
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S , - " "propalgdtiohI lIoss. versos frequency for each focus

regioni wats d.rawn.

F01 Il'he curve for rfe first focus region near 30

0ion iti Fig. 10. This curve indicateent
-J a-

T
O ininmuin loss (if a'pproximnately 62db att a frequency

- of 1500 cps which is caused by less Intense fo.
PAt~3KO . Isin the lower frequencies adhge bop

~~~~~ LIJ1tL1LI.- on at the uppe.r fteqitencies. Since the ambient
.J. 75 F I level is lowerr ond the bottom-reflected field drops

to the ambient more quiiickly at higher frequencies,
there is an arptinient for choosing one of the higher

Ftg. |O , Meosureid Propagoion Loss to Fit's, Focus Region frequencies when attempting to observe the focus-

ing phenomenon,

T *he predicted and observed propagation losses
[F- for the second foctis region ticar 60 Icydire shr w

_j ., •7 its Fig. I I. Althoough sonic scatter is apparent.
(- here is good general agreement between tire pre-

t oo-4 1,- dieted and observed values. The peak of the the-
A . oretical oorve appears at approximately 1000 cpa

R 0 as opposed to 1500 cps in Fig. 10. This fact In-
dicates that as the range to the focus region in-

J__ creases, absorption will cause the optimum focus
rfl[QuEiCY IN+ Kc to shift toward increasingly lower frequencies. The

scatter in Figs. 10 and II may well be an error in

Fig. 11 . measured Propagation Loss to Second Focus Region source level.

in conclusion, the complete intensity profile
for one of the AMOS low-frequency noisemaker runs

cay geometry for diffractionf. This correction was has been calculated according to the oceanographic

accomplished by using the formulas given pre- picture. It has been possible to calculate the peak

viously. intensity in the focus region within a few decibels
ofthe observed intensity. Bottom-reflection losses

Figure 1, whlich is a graph of the correction have been obtained as a function of the angle of
factor for diffraction, predicts that the maximum reflection at the bottom. it remains now to check

intensity does nor occur at the caustic where the whether the behavior of other AMOS stations is

first derivative vanishes but at some nearby point, similar to the behavior of the station discussed in

the position of which is dependent on frequency. this paper. Future plans also include a compari-
This fact is in agreement with the findings of Airy. son of the bottom-reflection losses for each sts-

By means of these corrections and by application tion with bottom cores and seismic profiles made

of absorption loss, a theoretical curve for minimum during the measurements.
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